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ABSTRACT

Earthquake-induced liquefaction is a cause of substantial damage to geotechnical
structures. The examples of liquefaction-induced damage include slope failures,
foundation failures and flotation of buried structures. Underground structures embedded at
shallow depths such as large underground parking garages, pipelines and manholes, can
suffer significant uplift in liquefied soil. Understanding the seismic performance of a
liquefiable ground during and after shaking is urgently needed. The main objectives of this
research are to (1) investigate the seismic performance of a liquefiable sand deposit under
a series of shaking events, (2) investigate the strength gain of the liquefied sand deposit
using piezo-cone penetration (CPTu) testing, (3) simulate the shaking table testing using
advanced constitutive model (PM4Sand) and understand the predictive performance of this
model.

A uniform liguefiable sand deposit was air-pluviated and fully saturated in a large
laminar shear box (LxWxH: 2.29 m x 2,13 m x 1.83 m). The sand deposit was subjected
to a liquefying shaking event (1% shaking) in the laminar box. Accelerometers and
piezometers were embedded at different depths to capture the seismic response of liquefied
sand. The measured excess pore pressures were used to verify the occurrence of
liquefaction. LVDTSs were attached to different frames of the laminar shear box to monitor
the lateral displacements of the soil. The test recordings from piezometer, accelerometer
and LVDT were presented and discussed. Another three major shaking events were

designed and performed on the sand deposit after the first shaking. The shake table test



results from different shaking events were compared to investigate the seismic response of
the sand deposit under multiple shaking events.

The time-dependent liquefaction resistance of a post-liquefaction sand deposit was
studied using CPTu after 1% shaking event. A series of CPTu tests were conducted to
measure the cone penetration resistance, friction resistance, and pore water pressure
throughout the depth of the post-liquefaction sand deposit. To capture the sand aging effect
after liquefaction, CPTu tests were done at different locations over a total elapsed time of
135 days. The results suggest that (1) the cone penetration resistance of the sand deposit
decreased significantly immediately after liquefaction when compared with that before
liquefaction; (2) the cone penetration resistance of the post-liquefaction sand deposit
increased with time. The CPTu results were normalized with respect to effective
overburden stress and the relationship between normalized CPTu results of the post-
liquefaction sand deposit and time was proposed.

To evaluate the predictive capabilities of the PM4Sand model, a numerical
simulation of the shake table test was developed. The model was first calibrated using
cyclic direct simple shear tests. The calibrated model was then used to simulate the seismic
performance of the uniform soil deposit under sinusoidal seismic motions. Further insight
into the strengths and limitations of the PM4Sand model gained from this research was

presented.
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Chapter 1

Introduction

1.1 Problem statement

Liguefaction is one of the most important, interesting, complex and controversial
topics in geotechnical earthquake engineering (Kramer 1996). Earthquake-induced
liquefaction is a cause of substantial damage to geotechnical structures. The 1964 Good
Friday earthquake in Alaska and the Niigata earthquake in Japan produced prominent
examples of liquefaction-induced damage, including but not limited to slope failures,
foundation failures and flotation of buried structures (Kramer 1996; Ishihara 1993). During
the recent 2011 Christchurch earthquake in New Zealand, liquefaction-induced settlement,
tilt and lateral sliding of structures caused severe damages and economic losses
(Cubrinovski and McCahon 2012). Underground structures embedded at shallow depths
such as large underground parking garages, pipelines and manholes, suffered significant
uplift in liquefied soil as observed in the 2011 Great East Japan Earthquake (Chian et al.
2014). Figure 1-1 (a) shows a severe liquefaction in a residential area during the 2011
Christchurch earthquake. The liquefaction manifested as massive sand boils and large
amount of sand/silt ejecta and water littering streets and residential properties, and
recreation grounds (Cubrinovski et al. 2011). Figure 1-1 (b) presents an uplift of manhole

due to liquefaction during the 2011 Tohoku Earthquake in Japan.



(a) (b)
Figure 1-1. Examples of severe liquefaction at shallow depths: (a) 2011 Christchurch
earthquake, photo courtesy of Mark Lincoln, nzraw.co.nz. (b) 2011 Tohoku Earthquake
(YYamaguchi et al. 2011),

In practice, liquefaction evaluation is usually based on the simplified procedure
developed by Seed and Idriss (1971), summarized and updated by Youd et al. (2001), Idriss
and Boulanger (2008), and Boulanger and Idriss (2011). In this method, the seismic
demand on a soil layer is quantified by the cyclic stress ratio (CSR); the capacity of soil
liquefaction resistance is defined as cyclic resistance ratio (CRR). Liquefaction is predicted
if CSR is larger than CRR. Several widely-used liquefaction charts have been developed
relating CRR to field tests such as the standard penetration test (SPT), cone penetration test
(CPT), and shear-wave velocity measurements (Vs) (Andrus and Stokoe 2000; Youd et al.
2001; Cetin et al. 2004; Idriss and Boulanger 2006, 2008; Moss et al. 2006; Kayen et al.
2013; Boulanger and Idriss 2014, 2015). All these charts are empirically calibrated by field
case histories, which make them reliable tools for liquefaction evaluation. Figure 1-2 shows
the curve recommended for calculation of CRR from CPT Data. The compiled case
histories were separated by the CPT clean sand base curve. Liquefaction was reported in
most of the cases above the curve, while most of the cases below the curve did not report

liquefaction.
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Figure 1-2. Curve Recommended for Calculation of CRR from CPT Data along with
empirical Liquefaction Data from Compiled Case Histories (Reproduced from Robertson
and Wride 1998 by Youd et al. (2001))

Although CPT has been widely accepted as a liquefaction evaluation tool and many
case histories have been documented, some limitations of the empirical charts have been
pointed out, such as the charts do not explicitly account for the geologic age and shaking
history of the sand layer (Dobry et al. 2015; El-Sekelly et al. 2016a, 2016b). Boulanger and
Idriss (2014) pointed out that the timing of CPT testing with respect to the timing of
earthquake loading is not clear in some case histories. In most cases, the CPTs were likely
performed after earthquake loading. There were, however, many cases where the CPT data
were from site investigations performed before the earthquake in combination with some

performed after the earthquake (Boulanger and Idriss 2014). The uncertainty of CPT timing



might affect the reliability of the liquefaction evaluation chart, when the time effect on
liquefaction resistance is considered.

Several soil constitutive models have been developed to simulate the response of
saturated sand under seismic loading. Selected examples are: the PDMY 02 model (Elgamal
et al. 2002 and Yang et al. 2008), the UBCSAND model (Beaty and Byrne 2011), the

Dafalias-Manzari model (Dafalias and Manzari 2004) and the PM4Sand model (Boulanger

and Ziotopoulou 2015, Ziotopoulou and Boulanger 2016). PDMY02 (Pressure Dependent
Multi Yield 02) is an elastic-plastic model for simulating the pressure sensitive response
of granular materials, described by Elgamal et al. (2002) and Yang et al. (2008).
UBCSAND is an elastic-plastic material model developed for sand-like granular materials
that have the potential to liquefy during cyclic loading (Beaty and Byrne 2011). The
Dafalias-Manzari model is a generalized stress state, elastic-plastic material model
developed from critical state and stress-ratio controlled framework (Dafalias and Manzari
2004). PM4Sand follows the stress-ratio controlled, critical state compatible, bounding
surface plasticity framework that was developed by Dafalias and Manzari (2004) and was
modified and further developed by Boulanger and Ziotopoulou (originally in 2012 and
subsequently in 2015 and 2018) to better approximate the behavior of interest in earthquake
engineering applications. Great progress has been made in liquefaction studies using
advanced soil constitutive models. However, the simultaneous prediction of accelerations,
generation and dissipation of excess pore pressures, and post-liquefaction settlements
remains a challenge (Ramirez et al. 2017). Also, current constitutive models cannot be
assumed to handle generalized conditions without structure-specific, soil-specific, and

loading-specific validation studies (Bray et al. 2016).
4



1.2 Research motivation

The first motivation of this research is to investigate the seismic performance of
liquefiable ground at shallow depth using a newly constructed shake table facility. The pore
pressure generation and dissipation patterns, the acceleration and the lateral displacement
of the liquefiable ground during shaking need to be investigated for understanding the
seismic performance of a specific sand. The second motivation is to investigate the time-
dependent cone penetration resistance of the liquefied sand deposit. Whether or not the
cone penetration resistance is affected by the aging time is of great interest to understand
the strength variation of a liquefied sand. The third motivation is to evaluate the predictive
capabilities of an advanced constitutive model for sand using the measurements from shake

table test.

1.3 Research objectives

This study has three main objectives. The first objective is to investigate the seismic
performance of a liquefiable sand deposit under a series of shaking events. The second
objective of this study is to investigate the strength gain of the liquefied sand deposit using
a series of CPTu testing. The third objective is to simulate the shaking table test using
advanced constitutive model (PM4Sand) and understand the predictive performance of this

model.



1.4 Organization of the dissertation

This dissertation consists of seven chapters. Following the motivation and objective
presented in this chapter, Chapter 2 presents the literature review of physical modeling of sand
liquefaction, sand aging effect, shaking history effect and the numerical modelling of sand
liquefaction. Chapter 3 presents the development of the 1-G shake table test for a uniform
sand deposit. Chapter 4 presents a series of piezo-cone penetration testing (CPTu)
performed on the liquefied sand deposit. Chapter 5 presents the shake table testing using
multiple shaking events. Chapter 6 presents the development of a numerical model
simulation of the shake table test. Chapter 7 of this dissertation presents the summary and
conclusions derived from this study; this chapter also provides some recommendations for

future research.



Chapter 2

Literature review

This chapter presents the literature review on the (1) shake table and centrifuge
modeling on soil liquefaction (2) soil aging effect on key engineering properties (3) shaking

history effect on liquefaction resistance (4) numerical modelling of sand liquefaction.

2.1 Shake table and centrifuge testing on soil liquefaction

2.1.1 Shake table testing

Shake table modelling of soil liquefaction has been widely reported. Sasaki and
Taniguchi (1982) performed large scale shake table tests on gravel drain system as a
counter-measure to liquefaction of the sand deposits. The modeled sand deposit with gravel
drains and the half-buried type road model were excited by horizontal input motion. They
concluded that: (1) The increase of the pore water pressure during the shaking became
smaller near the gravel drain. The effective drainage area was less than 50 cm from the
gravel drains. (2) The dissipation of the pore water pressure after the shaking was
accelerated by the gravel drain. (3) The gravel drain system can be a good countermeasure
to liquefaction if appropriately designed. Yao et al. (2004) conducted shake table tests to
investigate the behavior of a soil-pile-superstructure system in liquefiable ground. A

modeled two-story structure was supported by a pile group in a saturated sand deposit in a



large-scale laminar shear box. The base was subjected to a sinusoidal motion with
increasing amplitude. They found that the predominant period of the pile-superstructure
system became longer as excess porewater pressure was generated. The bending moment
of a pile could be several times larger in the ground than at the pile head. They suggested
that the stiffness against the displacement at the pile head was sufficient to represent a soil-
pile system in interaction analysis. Consideration of the transient state before liquefaction
in liquefiable ground was found to be important, because bending moment and earth
pressure can reach maximum values at this stage.

Okamura and Teraoka (2006) performed shake table tests to investigate soil
desaturation as a liquefaction countermeasure. The first series of shake table tests were
performed on desaturated soil with level ground at different atmospheric pressures. In the
second series, the effects of soil desaturation as a countermeasure for an existing structure
were evaluated. They suggested that the use of soil desaturation as a liquefaction
countermeasure technique was clearly possible in practice. The soil can be effectively
desaturated during air injection. They also confirmed that volumetric strain of the voids
due to seismic generation of excess pore pressure played a dominant role in increasing
liquefaction resistance of soil. The settlement was remarkably reduced by the desaturation.
However, desaturation was less effective for soils at shallow elevations (less than 2 m from
ground surface).

Haeri et al. (2012) reported the response of a group of piles subjected to
liquefaction-induced lateral spreading using a large scale 1-g shake table test. A rigid soil
container was used in the shake table test. They found that the soil started to move laterally
right after liquefaction and kept moving towards the downslope until the end of shaking.
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The piles moved with the soil at the early stage of shaking and then bounced back gradually
having a residual displacement at the end. They also found that the lateral soil pressures
exerted from the laterally spreading soil varied in the individual piles of a group of piles
both in transverse and longitudinal directions. The amplitude of excess pore water
pressures in upslope side of the single pile was more than that of the downslope side during
lateral spreading.

Otsubo et al. (2016) conducted a series of shake table tests on mitigation of
liquefaction vulnerability for existing embedded lifelines. The shake table tests were based
on the significant damage brought by the 2011 Tohoku Earthquake because of extensive
liquefaction. Several mitigation methods, such as the horn structure method, the drain pipe
method, the chemical injection method, and the insertion of a sheath pipe were evaluated
in the shake table testing. They concluded that all the methods had satisfactory results.
They suggested that liquefaction around a buried pipe can be mitigated by installing
vertical drain pipes. The presence of a surface gravel layer could improve the drainage
system in the backfill. The shake table test results also suggested that the normal operation
of sewage systems was maintainable even after a strong earthquake if sheath pipes were
installed. This mitigation method could prevent disasters associated with the deterioration

of sewage pipes.

2.1.2 Centrifuge testing

Hushmand et al. (1988) reported a series of centrifuge liquefaction tests. Both dry

and saturated sands were used and contained in a box constructed of aluminum laminae



designed to move freely on each other. Accelerometers, displacement transducers and pore
pressure sensor were attached to the box and embedded in the soil at various elevations to
record the response of the soil during an earthquake-like excitation. The main conclusions
from the research are: (1) the placing of bearings between box layers reduced the interlayer
friction coefficient to a measured value of 0.013 under the loads experienced in the
centrifuge tests; (2) the apparatus was able to make detailed measurements of all the
response of the soil system during precisely controlled base motion in amplitude, frequency
content and duration.

Wilson et al. (2000) performed a series of dynamic centrifuge tests of pile
foundations in liquefying sand. The experiments were performed using pile-supported
structures founded in loose (Dr = 35%) and medium dense (Dr = 55%) sand profiles. Soil-
pile interaction was quantified directly in terms of the observed p-y behavior through back-
analysis of a well-instrumented single-pile supported structure. They reported that the
back-calculated p-y behavior characteristics were consistent with the stress-strain response
of liquefying sand. The lateral resistance in loose sand was usually small when the soil
liquefied. In medium dense sand, the p-y relationship progressively softened during
shaking as excess pore pressures, strains, and number of load cycles increased. They
suggested that lateral p-y resistance of liquefied sand was shown to be significantly affected
by relative density, cyclic degradation, excess pore pressures, phase transformation
behavior, prior displacement history and loading rate.

Sharp et al. (2003) conducted six centrifuge model tests of liquefaction and
earthquake-induced lateral spreading of fine Nevada sand using an inclined laminar box.
The centrifuge tests were to simulate a gently sloping, 10 m thick stratum of saturated

10



homogeneous sand with a relative density range from 45 to 75%. The sand deposit was
subjected to lateral base shaking with prototype peak acceleration ranging from 0.2 to 0.41
g, a frequency of 2 Hz, and duration of 22 cycles. They reported that the lateral movements
stopped as soon as the shaking ended. However, much of the recorded settlement developed
slowly after the shaking had ended. They also suggested that permeability played an
important role in determining the liquefaction response of a homogeneous sand deposit.
The permeability could affect the depth of liquefaction, the pore pressure dissipation rate
and the characteristics of the ground surface settlement.

Kulasingam et al. (2004) performed twelve dynamic centrifuge modeling to study
the strength loss and localization at silt interlayers in slopes of liquefied sand. The
centrifuge model tests represented four different simple slope configurations, a range of
initial relative densities, and three different input motions. They concluded that the
potential for void redistribution induced shear localization and slope instability depended
on the initial relative density, slope geometry (silt layer shape, sand layer thickness), and
shaking characteristics. They suggested that the apparent residual shear strength was
unlikely to correlate to pre-earthquake penetration resistance alone. It was a function of the
initial shear stresses and factors affecting the process of void redistribution and
localization.

Brandenberg et al. (2005) performed eight dynamic model tests on a 9 m radius
centrifuge to study the behavior of single piles and pile groups in liquefiable and laterally
spreading ground. The soil profile consisted of a gently sloping nonliquefied crust over
liquefiable loose sand over dense sand. Each model was tested with a series of realistic
earthquake motions with peak base acceleration ranging from 0.13 g to 1.0 g. They reported
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that significant strains developed in the liquefiable sand, and the laterally spreading crust
displaced more than the liquefiable sand. The direction of lateral loads was shown to
depend on the direction of the incremental and total relative movements between the soil
and piles. The displacement patterns in the soil layers and piles were identified. The
liquefiable soil tended to push the piles downslope along with the crust for files that were
stiff relative to the surrounding soil. For more flexible piles, the liquefiable soil produced
large upslope forces. They concluded that these loading patterns were more complex than
those often assumed in static and seismic analysis procedures.

Both centrifuge and shake table modeling have certain advantages and limitations.
Centrifuge modeling is able to reproduce prototype stress levels in a small-scale model,
while dense instrumentation may not be able to be used due to the small model size (Ecemis
2013). 1-g shaking table modeling has the advantage of well-controlled large shaking
amplitude, multi-axis input motions and denser instrumentation. The use of shaking table
tests has been justified if the purpose is to validate the numerical model or to understand
the basic failure mechanism (Wartman et al. 2005; Paolucci et al. 2008; Antonellis et al.

2015).

2.1.3 Soil container for seismic testing

A proper soil container in seismic model test should cause stress and strain in the
model similar to that in a soil layer with infinite lateral extent. Different types of soil
containers have been developed to satisfy different design requirements. Design and

commissioning of rigid soil containers for use on shaking table or centrifuge test have been
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reported (Whitman and Lambe 1986; Adalier and Elgamal 2002; Ng et al. 2004; Wartman
et al. 2005; Lin and Wang 2006). However, the main disadvantage of a rigid box is the
boundary effect on the dynamic response of the soil. The study by Fishman et al. (1995)
suggested that for rigid box on dynamic loading, the free field may not be realized for
distances up to 1.5 H to 2.0 H from the end wall, where H was the height of the soil.

Due to the limitation of the rigid soil container, laminar shear box (LSB) was
designed and widely employed in the seismic model tests. A common design of laminar
shear box (LSB) is a stack of laminae that can move along the shaking direction “freely”.
The design intent of LSB is to minimize the lateral stiffness of the end-walls to ensure the
soil governs the behavior of the whole system. Hushmand et al. (1988), Van Laak et al.
(1994), Pamuk et al. (2007) and Shen et al. (1998) described different laminar shear boxes
for centrifuge tests. Single-axis laminar shear box for shaking table tests was described by
Kagawa et al. (2004) and Turan et al. (2009).

Kagawa et al. (2004) reported a large-scale laminar shear box with dimensions of
11 m x 3.5 m x 6 m (LxWxH). The moving parts of the shear box weighed approximately
55 tons. The weight of the box was 12% of the weight of a foundation soil model inside.
This ratio was considered to be sufficiently small that the shear box could produce nearly
one-dimensional wave propagation fields., i.e. free-field conditions.

Turan et al. (2009) reported the design, fabrication and commissioning of a single
axis laminar shear box for use in seismic soil-structure interaction studies. The flexible
container consisted of 24 horizontal laminae supported individually by linear bearings and

steel guide rods. The laminae comprised solid high strength aluminum alloy box sections
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bolted together to form rectangular frames. There was a 2 mm clearance between the

laminae to ensure independent movement.

2.2 Sand aging effect on key engineering properties

The effect of aging on the properties of freshly deposited or densified sand has been
studied by several researchers. Anderson and Stokoe (1978) used the resonant column test
to show that shear moduli of sands, silts, and clays increased with time of confinement at
a constant confining pressure. The time-dependent modulus increase was characterized by
two phases: (1) an initial phase that resulted from primary consolidation, and (2) a second
phase which occurred after completion of primary consolidation, called the “long-term
time effect” (Anderson and Stokoe, 1978). Anderson and Stokoe (1978) suggested that
confinement time was an important parameter that must be properly accounted for in the
laboratory measurement.

Mitchell and Solymar (1984) reviewed previous field and laboratory evidence on
the time-dependent behavior and concluded that freshly deposited or densified clean sand
may exhibit substantial stiffening and strength increase with time up to several months.
Sand deposits may experience a significant loss in strength because of disturbance, thus
behaving in a manner similar to sensitive clay (Mitchell and Solymar, 1984). These
phenomena must be considered when evaluating the results of laboratory tests on
reconstituted samples and in the estimation of liquefaction potential. Mesri et al. (1990)
observed substantial increase in stiffness and cone-penetration resistance of sand with time

under drained aging conditions at constant effective vertical stress. They proposed
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empirical equations for predicting the time-dependent cone resistance after ground
modification. Schmertmann (1991) suggested that soil aging over engineering times can
cause a general 50 to 100% improvement in many key soil properties. Improvements in
properties with aging were found to be approximately linear with the logarithm of time of
aging. Schmertmann (1991) also suggested that designs should include the beneficial
effects of engineering aging when appropriate. For example, the designers could allow an
initial lower factor of safety in an embankment or other fill if a significant time interval
would pass before the loading conditions.

Charlie et al. (1992) performed a series of CPTs on a blasting site one week prior
to blasting and one, three, and 18 weeks after blasting. They reported that blasting initially
decreased the tip resistance by 62%, decreased the local friction by 30%, and increased the
friction ratio by 100% of the pre-blast values. However, from one week to 18 weeks after
blasting, the normalized tip resistance increased by 18%, the normalized local friction
decreased by 39%, and the normalized friction ratio decreased by 80% of the post-blasting
values. Joshi et al. (1995) studies the effect of aging on the penetration resistance of freshly
deposited sands by pushing a probe periodically into the sand bed. They concluded that
aging significantly increased the penetration resistance of sands and the increase rate was
higher for submerged sand as compared with dry sand.

Mitchell (2008) reviewed the phenomenon of sand aging wherein disturbed natural
deposits of clean sand may exhibit a sensitivity or loss of strength and then, following re-
deposition and/or densification show an increase in stiffness, penetration resistance, and
liquefaction resistance. The following conclusions were summarized by Mitchell (2008):
(1) Soil aging and the associated improvements in stiffness, penetration resistance and
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liquefaction resistance were ubiquitous among freshly deposited and/or densified deposits
of silica sands. (2) The natural sands developed a structure over time following deposition
and/or disturbance. The sand could exhibit a meta stability that was in many ways similar
to sensitivity in clays. (3) The initial stiffness of clean silica sands would increase by a
factor of about 1 to 3 percent per log cycle of time relative to that at an age of 1000 min.
The shear modulus increase factor was greater (up to 10%) for carbonate sands. (4)
Although the penetration resistance in most cases showed significant increases with time
after disturbance and densification, a few cases showed no significant increase. The sand
aging was referred to as “a continuing enigma” (Mitchell 2008).

Based on these investigations, different mechanisms for the aging effect have been
suggested. Mitchell and Solymar (1984) reasoned that the cementation at interparticle
contacts due to the dissolution and precipitation of silica would be the major factor for
time-dependent strength increase. Mesri et al. (1990) explained the time effect as the
continued rearrangement of sand particles during secondary compression. During drained
aging of clean sands, an increased stiffness and an increase in effective horizontal stress
resulted from continued rearrangement of sand particles. This resulted in an enhanced
macrointerlocking of sand grains and microinterlocking of grain surface roughness (Mesri
etal., 1990).

Schmertmann (1991) indicated that most engineering-time age strengthening
effects resulted from increased basic soil friction, including dilatancy effects, and not from
increased cohesion. The in-situ effective stresses were involved in the aging mechanisms,
including grain slippage, soil-structure dispersion, increase of interlocking, and a probable
internal arching of stresses. Thixotropic aging effects occurred primarily at very low
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effective stresses and under undrained conditions in cohesive soils (Schmertmann, 1991).
Joshi et al. (1995) suggested that the increase in penetration resistance of dry sand over
time is due to macro-interlocking of particles and micro-interlocking of surface roughness.
In the submerged state, besides the rearrangement of sand particles, partial cementation
caused by precipitation of salts and probably also silica on the sand grains and in the pores
resulted in the larger increase in the penetration resistance (Joshi et al., 1995).

The beneficial effect of geologic aging on the strength and liquefaction resistance
of sand deposit has also been reported in field observations. Arango et al. (2000) analyzed
the soil performance during the Charleston, South Carolina earthquake in 1886, and
demonstrated that age played a major role in the field cyclic strength of sand deposits based
on data from four separate site-specific investigations. The correlation that they proposed
for the strength gain factor was based on an update of the correlation that was proposed
earlier by Kramer and Arango (1998). The laboratory test results demonstrated a strength
increase by a factor between 2 and 3. Lewis et al. (2004) reported a case history of
liquefaction evaluation at the Savannah River Site. The test results showed that the soils
had increased liquefaction resistance of two to three times when compared to standard
literature for Holocene-age deposits. Based on the observation in Tokyo Bay after the 2011
Great East Japan earthquake, Ishihara et al. (2011) reported that young deposit was more
vulnerable to liquefaction.

It has been suggested that an age correction factor be applied to CRR as follows
(Arango et al. 2000; Lewis et al. 2004; Andrus et al. 2004, 2009)

CRRK = CRR KDR (2'1)
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where CRRk is cyclic resistance ratio corrected for age and cementation, and Kor is a factor
to correct for influence of age and cementation on deposit resistance. Hayati et al. (2008)
critically reviewed previous studies and suggested the following relationship

Kpr = 0.17log(t) + 0.83 (2-2)
where t is the time since initial deposition or critical disturbance in years. This equation

was obtained by assuming Kpr=1 at t = 10 years.

2.3 Shaking history effect on liquefaction resistance

Laboratory cyclic tests have shown that previous strain history affects the
liquefaction resistance of the soil (Finn et al. 1970; Seed et al. 1977; Seed 1979). Finn et
al. (1970) reported that partial liquefaction that occurred at small shear strains greatly
increased the liquefaction resistance. However, if sand developed large shear strains, the
subsequent liquefaction resistance was decreased. Finn et al. (1970) reasoned that the loss
of resistance caused by larger shear strains might be the creation of a uniform metastable
structure or the development of a non-uniform structure.

Odaetal. (2001) provided a microstructural interpretation for the re-liquefaction of
saturated granular soil using a series of triaxial tests. They suggested that the possible
mechanism for the decrease of liquefaction resistance was a development of a column-like
structure, thus the microstructure of the soil was extremely unstable during the shaking.
Yamada et al. (2010) performed a series of cyclic undrained triaxial tests to study the
changes in anisotropy taking place during liquefaction and the effects of the anisotropy on

reliquefaction behavior. They reported that liquefaction induced irreversible anisotropy to

18



the soil, which remained after the excess pore pressure had dissipated. As the level of
induced anisotropy increased, the liquefaction resistance decreased, and the behavior of the
sand resembled that of much looser sand when sheared in a certain direction, despite the
increased overall density of the soil.

1-g shake table and centrifuge modelling have also been used to investigate the
influence of previous liquefaction history. Ha et al. (2011) performed a series of 1-g
shaking table tests using five sands with different gradation characteristic to study the
reliquefaction resistance of the sand. The test results showed that the number of cycles
required to reliquefy each sand decreased significantly following the 1st liquefaction event.
They concluded that the liquefaction during the 1st shaking event destroyed the aged soil
fabric, and the sand reconsolidated as a young, normally consolidated sand. They also
suggested that liquefaction and reliquefaction resistance did not correlate well to relative
density or void ratio, D10, Dso, or Cu.

Dobry et al. (2015) evaluated the liquefaction potential of clean and silty sands on
the basis of the field measurement from the Imperial Valley of south California. They
concluded that the geologically recent natural silty sand sites had significantly higher
liquefaction resistance as a result of preshaking caused by the high seismic activity in the
valley. Not all benefits of preshaking were necessarily lost when an earthquake liquefied
the soil. This was confirmed by the centrifuge simulations by El-Sekelly (2014), where the
model sand deposit showed a net gain in liquefaction resistance after being subjected to
several dozen earthquakes.

El-Sekelly et al. (2016a) conducted a series of centrifuge tests on a 6-m prototype
homogeneous deposit of loose saturated silty sand. Two different types of shaking events
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were applied: a strong 15-cycles shaking and a weaker 5-cycle shaking. They reported that
a small number of preshaking seismic events that generated excess pore pressure but did
not liquefy the soil might increase its liquefaction resistance rather substantially. A larger
earthquake that liquefied the soil may undo this beneficial effect of shaking, in some cases
getting close to “resetting the clock”. They also concluded that the increase in liquefaction
resistance with the number of earthquakes was not reflected in a corresponding increase in
the shear wave velocity of the soil. EI-Sekelly et al. (2016b) applied 25 additional shakings
based on the work of El-Sekelly et al. (2016a). They suggested that the occurrence of
extensive liquefaction resulted in significant reduction in the liquefaction resistance of the
deposit. The liquefaction resistance was reduced to a level that was equal or less than that
of the young deposit before it was subjected to preshaking.

The field observations by Heidari and Andrus (2012) indicated that full liquefaction
may completely erase the beneficial effects of geologic aging. Thus, the geologic clock is
reset, and the liquefaction resistance of the sand is brought to the liquefaction resistance it

had when the sand had been just deposited.

2.4 Numerical modeling of sand liquefaction

2.4.1 Advanced soil constitutive models for liquefaction

Several soil constitutive models have been developed to simulate the response of
saturated sand under seismic loading. Selected examples are: the PDMY 02 model (Elgamal

et al. 2002 and Yang et al. 2008), the UBCSAND model (Beaty and Byrne 2011), the
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Dafalias-Manzari model (Dafalias and Manzari 2004) and the PM4Sand model (Boulanger

and Ziotopoulou 2015, Ziotopoulou and Boulanger 2016).

PDMYO02 (Pressure Dependent Multi Yield 02) is an elastic-plastic model for
simulating the pressure sensitive response of granular materials, described by Elgamal et
al. (2002) and Yang et al. (2008). UBCSAND model is an elastic-plastic material model
developed for sand-like granular materials that have the potential to liquefy during cyclic
loading (Beaty and Byrne 2011). The model predicts the shear stress-strain behavior of the
soil using an assumed hyperbolic relationship and estimates the associated volumetric
response of the soil skeleton using a flow rule. The model can be used in a fully-coupled
manner that the mechanical and groundwater flow calculations are performed in parallel
(Beaty and Byrne 2011). A set of input parameters have been developed to represent the
response of a hypothetical generic sand for an easy use of UBCSAND in preliminary
evaluations. These parameters provide reasonable estimates of stiffness of the soil and
capture the liquefaction response.

The Dafalias-Manzari model is a generalized stress state, elastic-plastic material
model developed from critical state and stress-ratio controlled framework (Dafalias and
Manzari 2004). PM4Sand follows the stress-ratio controlled, critical state compatible,
bounding surface plasticity framework that was developed by Dafalias and Manzari (2004)
and was modified and further developed by Boulanger and Ziotopoulou (originally in 2012
and subsequently in 2015 and 2018) to better approximate the behavior of interest in
earthquake engineering applications. The modifications included revising the fabric
formation, modifying the plastic volumetric strains and the dilatancy relationships, and

providing a constraint on the dilatancy during volumetric expansion. The PM4Sand has a
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narrow stress-ratio based elastic cone and three other key surfaces: the bounding, dilation
and critical-state surfaces. The locations of the dilation and bounding surfaces are
dependent on the relative state of the soil (the difference between the relative density and
the relative density at critical state for the current confining pressure), such that they both
rotate when the relative state of the soil changes. As the soil is sheared towards critical
state, both surfaces approach each other until they coincide at the critical state stress ratio
(Kamai 2011, Boulanger and Ziotopoulou 2017). The model was coded as a user defined
material (UDM) in a dynamic link library (DLL) for use with the commercial program

FLAC 8.0 (Itasca 2016).

2.4.2 Numerical simulation of soil liquefaction using advanced constitutive model

The predictive capabilities of these models have been evaluated or compared based
on centrifuge or 1-g shake table tests results. Byrne et al. (2004) presented the comparison
of numerical modeling prediction using UBCSAND and measured centrifuge model
response to investigate liquefaction at large depths. The characteristic liquefaction behavior
of Nevada sand used in the numerical models was obtained from undrained cyclic simple
shear tests and was the basis for the numerical predictions of the centrifuge tests. Several
factors were considered to accurately predict the centrifuge results, including the change
in density caused by the confining stresses induced in the centrifuge and the effects of
degree of saturation. They concluded that predicted excess pore pressures were in good

agreement with the measured values.
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Dashti and Bray (2013) simulated centrifuge tests of structures with shallow
foundations on liquefiable sand. The fully-coupled numerical simulation was performed in
FLAC-2D using UBCSAND model. They reported that the numerical model was able to
capture building settlements measured in experiments reasonably well for one scaled input
motion. The soil model captured the overall contribution of deviatoric displacement
mechanisms and localized volumetric strains during partially drained cyclic loading. They
suggested that the limitation of the model became evident for slower rates of earthquake
energy buildup. The extent of excess pore pressure generation and building displacement
was overestimated by up to a factor of 4 in this case.

Ecemis (2013) simulated shake table testing on liquefaction of saturated soil in a
laminar shear box. The results from numerical simulations using the UBCSAND model,
including excess pore pressures, accelerations and surface settlements, were compared to
shake table testing results. The measured lateral displacements were found to be slightly
higher than the computed displacements during the first and second shaking tests. Ecemis
(2013) reasoned that the hyperbolic relationship in UBCSAND model might cause a minor
error mostly because the hyperbola was only an approximate relationship for the linear
elastic and hyperbolic plastic response. The calculated maximum initial accelerations were
in general agreement with the measurements before liquefaction. The computed excess
pore pressures were in a good agreement with the measured values.

Karimi and Dashti (2016) used centrifuge experiment results of a shallow-founded
structure on liquefiable sand to evaluate the predictive capabilities of the PDMY02 soil
model. Class C, solid-fluid, fully-coupled 3D nonlinear numerical simulations of the
centrifuge experiments were performed using the pressure-dependent, multiyield- surface,
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nonlinear soil constitutive model (PDMY02) implemented in OpenSees 2.4.3. They
reported that the simulations captured 1D, free-field site response well in terms of excess
pore pressures and accelerations, particularly during less-intense motions that induced
smaller strains, excess pore pressures, and soil densification. During the stronger events,
however, the model cannot capture the amplified dilation cycles due to soil stiffening that
produced sharp acceleration spikes and drops in excess pore pressures. Ramirez et al.
(2017) compared the predictive capabilities of PDMY02 and a modified version of
Manzari-Dafalias Model (Rahimi-Abkenar and Manzari, 2016) in capturing the
acceleration, excess pore pressure and settlement responses of a layered soil profile in
centrifuge tests. The models were first calibrated using the same set of monotonic and
cyclic triaxial tests and were then used to simulate the seismic performance of a layered
soil deposit to a horizontal earthquake motion. For both triaxial and centrifuge experiments,
the PDMY02 model tended to overestimate material damping while Modified M&D model
tended to underestimate the damping. As a result, the amplitudes of acceleration were often
underestimated by PDMY02 and overestimated by Modified M&D. The Modified M&D
model generally provided a better prediction of excess pore pressure generation and
volumetric settlements compared to the PDMYO02 model. Li et al. (2018) simulated
centrifuge experiments on level and gently liquefiable slope with granular columns using
PDMY02 and Manzari-Dafalias (M-D) soil constitutive model. They concluded that both
models underpredicted peak ground acceleration (PGA) near the surface at different
distances from the granular column, but they better predicted spectral accelerations at

periods exceeding 0.5 s. However, lateral movement of the treated slope was poorly
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predicted by both models due to inaccuracies in predicting the dissipation rate in the
presence of drains.

The performance of the PM4Sand model for predicting the response of liquefiable
sloping ground has been examined with the Liquefaction Experiments and Analyses
Projects (LEAP) centrifuge tests (Ziotopoulou, 2017; Ekstrom and Ziotopoulou, 2017) as
well as other centrifuge tests (e.g. Boulanger et al., 2017).

Kamai and Boulanger (2012) performed numerical simulations of a centrifuge test
with lateral spreading and void redistribution effect using PM4Sand model. In the
centrifuge test, the pore pressure dissipation patterns, lateral spreading, and shear strain
localization were measured and recorded. The simulations were performed for four
consecutive shaking events, and results were compared for both the nontreated side and the
drain-treated side. They reported that the results from both individually run simulations
and the in-sequence simulations yielded comparable results in terms of the dynamic
response and final deformations. These two approaches were mostly different in the
cumulative effects of void redistribution.

Boulanger et al. (2014) simulated two centrifuge tests using PM4Sand model in
FLAC. The results of the centrifuge tests involving liquefiable sands with lower-
permeability interlayers have demonstrated that void redistribution can affect shear
strength losses and slope deformations. The simulations were shown to reasonably
reproduce the patterns of void redistribution that were observed in physical modeling. The
numerical simulations provided additional insight on the mechanisms of void

redistribution. They suggested that the estimation of earthquake-induced deformations for
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geotechnical structures affected by liquefaction involved significant uncertainties. The
estimation of in-situ residual shear strength was a major contributor to those uncertainties.

Ziotopoulou (2017) simulated three centrifuge tests on a sloping ground of medium
dense Ottawa Sand subjected to a sinusoidal acceleration input motion. Measured and
recorded pore pressure dissipation patterns, accelerations, and displacements were
compared to Class A and C numerical predictions performed in FLAC using PM4Sand.
Ziotopoulou (2017) concluded that key observations, mechanisms, and time histories were
reasonably captured by the simulations. FLAC, PM4Sand and the overall employed
methodology had the capability to predict the response of liquefiable sloping ground. The
soil properties were found to be the most important factor in capturing the finer details of
the response. Ekstrom and Ziotopoulou (2017) presented the Class B predictions and their
comparisons against the LEAP experimental measurements. The recordings of the
centrifuge experiments for each facility were compared to the corresponding numerical
model analysis and results were presented in terms of excess pore pressure time histories
and spectral accelerations. They concluded that the numerical model can satisfactorily

predict the results of the experiment for most facilities.

26



Chapter 3

Seismic Performance of Liquefiable Ground at Shallow Depth in 1-G
Shake Table Test

This chapter presents the development of the 1-G shake table test for a uniform
sand deposit. The earthquake simulation facility designed and built at Penn State is
introduced. The instrumentation and data acquisition system used in the test are presented.
The detailed procedure of sample preparation, including the pluviation and saturation is
described. The test recordings from piezometer, accelerometer and LVDT are presented
and discussed. In this chapter, the following questions are addressed: 1) What is the
performance of the shake table and laminar shear box for the target input motion? 2) Will
the sand liquefy at the shaking event? 3) What is the seismic response of the sand deposit
during shaking? 4) Is the pore pressure ratio sensitive to cyclic shear strain? Answering
these questions can provide insights for further understanding of soil liquefaction at

shallow depth.

3.1 Earthquake simulation facility

3.1.1 Large-scale shake table at Penn State

A large-scale 1-D shake table was designed and constructed at Civil Infrastructure
Testing and Evaluation Laboratory (CITEL). The shake table, as shown in Figure 3-1, can

generate recorded historical earthquake motions or user-defined seismic motions. The



dimensions of the shake table are 3 m x 3 m and the load capacity is 133 kN (30,000 Ib) at
an acceleration of 1g. The table is driven in one-dimension by a 5.6 L/s (90 gpm) pump
and an actuator that provides 245 kN (55 kips) hydraulic driving force through a £ 12.5 cm

dynamic displacement stroke.

Figure 3-1. Shake table at Penn State

3.1.2 Laminar shear box

The laminar shear box was designed and manufactured at the Pennsylvania State
University. The detailed design consideration can be summarized as: 1) each lamina should
have sufficient stiffness to maintain its shape during seismic loading; 2) the laminar shear
box should have small mass compared to the tested soil to minimize inertia of box on the
soil specimen. The LSB was made of thirteen independent steel frames (laminates) that

freely slide on top of each other through linear guide rails. Each lamina comprises of two
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wide flange beams (W 5x16) and two rectangular tubes (TR 4x3x3/16). All the four
structural steels were welded into a rigid frame. Four pairs of customized slides and rails
(manufactured by NSK, Ann Arbor, Michigan) were bolted between two adjacent frames.
Figure 3-2 shows the assembly mechanism of frames and pairs of slider and rail. The
maximum slide distance of each frame relative to the frame immediately beneath is + 2.54
cm (1 inch), and the maximum lateral deformation of the top frame relative to the shake
table is 30.5 cm (£12 inch). After the assembly, the inside dimensions of the laminar shear
box are 2.29 m x 2.13 m x 1.83 m (LxWxH). Two protection mechanisms were developed.
Two L shape steel plates were welded onto each frame and over travel of each frame more
than + 2.54 cm was prevented. A protection frame was also constructed to prevent the
possible flip-out of the box during shaking. A geomembrane bag was used to line the inside
the LSB to house the tested specimen. The bag was able to prevent soil and water from
seeping out of the box. The geomembrane bag was flexible enough to make sure the soil
would govern the system response. The LSB weight was approximately 12.4% of the dry
weight of the tested specimen in the box. This ratio is considered to be sufficiently small
to neglect the inertial effect of the LSB (Kagawa et al. 2004). The assembly of the shake

table and LSB is presented in Figure 3-3.
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Figure 3-2. The assembly mechanism of frames and pairs of slider & rail
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Figure 3-3. The assembly of shake table and LSB
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3.1.3 Instrumentation and data acquisition system

Piezometers

As part of the test program, it was necessary to obtain piezometers that could
capture the pore pressure variations during shaking. Semiconductor piezometers (model
3400S-2-100 kPa) manufactured by Geokon (Lebanon, New Hampshire) were used in this
research and are as shown in Figure 3-4. Geokon Model 3400 Piezometers are intended for
dynamic measurements of fluid and/or pore water pressures in standpipes, boreholes,
embankments, pipelines, pressure vessels, reservoirs, etc. The output from the transducer
used in this research is DC output, 0-5 volts. The pressure measurement range is 0 - 100
kPa and the accuracy is 0.1 kPa. The piezometer is able to tolerate a vibration of 35g at 5 -

2000 Hz.

Figure 3-4. Piezometer by Geokon (Model 3400S-2-100 kPa)
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Accelerometers

The accelerometers must be placed in the saturated sand for a long period of time.
In addition to being waterproof, the selection criteria for the accelerometers were high
sensitivity, DC response, small size, and economy. Piezoelectric ICP accelerometers
(model 393A03) manufactured by PCB PIEZOTRONICS (Depew, New York) were
selected in this research. Powered by simple, inexpensive, constant-current signal
conditioners, these sensors are easy to operate and interface with signal analysis, data
acquisition and recording instruments. The measurement range is = 2 g (peak) and the
sensitivity is + 5% of the range. The accelerometer was fixed onto a light plastic plate to

make sure that it could be placed horizontally in the sand deposit, as shown in Figure 3-5.

Figure 3-5. Piezometer by PCB PIEZOTRONICS (Model 393A03)
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Linear variable differential transformer (LVDT)

In order to measure the displacement of the LSB at different depths and the surface
settlement of the sand during shaking, two different types of LVDTs were used. Five
LVDTs (Model DC-EC 10000) manufactured by TE Connectivity (Berwyn, Pennsylvania)
were selected to measure the movement of LSB frames during shaking, as shown in Figure
3-6. The metal core rod of LVDT can be connected to an LSB frame and the rigidity of the
core rod prevents measurement lagging. The measurement range of this LVDT is £ 10 in.
(25.4 cm) and the accuracy is 0.25% of its range. This model can tolerate a vibration of 10
g up to 2 kHz.

Another LVDT (Model LD621-100) manufactured by OMEGA (Norwalk,
Connecticut) was used to measure the settlement of the sand surface during shaking, shown

in Figure 3-7. The measurement range of this LVDT is 0-10 cm, and the accuracy is 0.2%

of its range. Both LVDT models require DC excitation and have voltage output.

Figure 3-6. LVDT by TE connectivity (Model DC-EC 10000)
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Figure 3-7 LVDT by OMEGA (Model LD621-100)

Data acquisition

Two data acquisition modules (Model 9205 and 9206) manufacture by National
Instruments (NI, Austin, Texas) were used as the data processor, shown in Figure 3-8. Both
modules are almost identical. They are compatible with any CompactDAQ or Compact RIO
system from NI. The features of the modules are: 16 differential analog inputs, 16-bit resolution
and a maximum sampling rate of 250 kS/s. These two data processing modules can work
simultaneously in recording displacement, acceleration and pressure data during the shake
table test at a sampling frequency of 200 Hz. An overview of the data acquisition system and

power supply is presented in Figure 3-9.
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Figure 3-8. Data acquisition modules: a) NI-9205; b) N1-9206
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Figure 3-9. Overview of the data acquisition system

A data acquisition interface was developed for the tests using National Instrument

LabVIEW 2016. In each test, this program synchronized displacement, acceleration and
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pressure data together and allowed data to be written in the same spreadsheet. Calibration and

parameter settings can be done on the interface, as shown in Figure 3-10.
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Figure 3-10. User interface of developed LabVIEW program

3.2 Model construction

3.2.1 Soil properties

Standard F50 Ottawa sand was chosen for this research. The measured properties
of Ottawa sand were: mean particle size Dso = 0.25 mm, coefficient of uniformity C, = 1.8,
coefficient of curvature Cc = 0.95, specific gravity Gs = 2.65, maximum void ratio emax =
0.78 and minimum void ratio emin = 0.48. Direct shear tests suggested the critical state
friction angle for the sand was 31.8°. The scanning electron microscope (SEM) image

reveals a typical subangular shape for the sand particles, as shown in Figure 3-11.
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Figure 3-11. SEM image of F50 silica sand at 65x magnification (Kramer 2013)

3.2.2 Sample preparation

The dry sand was air-pluviated into the LSB by a moving pluviator, shown in Figure
3-12. The deposition intensity (i.e., the mass of soil falling per unit area per unit time) and
the drop height (the distance between the pluviator bottom to the sand surface) were strictly
controlled to achieve a uniform sand profile with an average relative density of 55%.
According to the relative density calibration curve shown in Figure 3-13, the drop height
was controlled at 26 cm during the pluviation to achieve the target relative density. As
suggested by Fretti et al. (1995), crossing the moving direction of the pluviator from one

stratum to another would produce higher-quality specimens than using one direction of
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travel. Two travel paths were alternatively followed by the pluviator, as shown in Figure

3-14.

Figure 3-12. Uniform deposition of sand as it passes through the pluviator system
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Figure 3-13. Relative density calibration curve
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(b)

Figure 3-14. Pluviation process: a) pluviator in laminar shear box b) paths alternatively
followed by the pluviator

Immediately after the pluviation, the soil was flushed with CO2 from the bottom of
the LSB for 24 hours, as shown in Figure 3-15 (a). The purpose of using CO2 was to
facilitate full saturation. After the CO2 flushing, water was introduced from six inlets on
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the geomembrane bag at the bottom at a slow flow rate and exited from the outlets at the
top surface of the sand, as shown in Figure 3-15 (b). The saturation stage lasted 22 days.
The volume of water collected at the outlets was 7.89 m?, over 2.5 times of the void volume

of the dry sand.

3 #ll_cts imh?rd%:_

Figure 3-15. Sand saturation: a) COz flushing b) water saturation
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3.2.3 Test instrumentations

Piezometers (PZ-1 to PZ-5) were installed at every 25-cm lift to measure the excess
pore pressure during shaking. To minimize the boundary effect on the soil liquefaction and
instruments’ readings, the instrumentation array was set at the center of the LSB. This setup
of the instrumentation is commonly used in physical modeling of liquefaction (Abdoun et
al. 2013; El-Sekelly et al. 2016). Two duplicate piezometers (PZ-6 and PZ-7) were placed
508 mm away from the center line at two depths. Five LVDTs (LVDT-1 to LVDT-5) were
installed on a rigid frame adjacent to the shake table. The metal core rod of LVDT was
connected to a LSB frame and the rigidity of the core rod prevented measurement lagging.

The designed instrumentation configuration is shown in Figure 3-16.

Section view

| 2290 |

bl ACC-1 | PZ-1 | H

e =
LVDT-2 ACC-2 | pz-2 250

{1 —® g
LVDT-3 ACC-3 | PZ-3  |pz-7 ' ¥

e * 1450
LVDT-4 PZ-6 L I

e
N ACC-:_ " PZ-5 250 :

ACC-5 ’ -
||

m— [[VDT e Piezometer All units in mm

® Accelerometer

Figure 3-16. Instrumentation configuration in the shake table testing (section view)
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The installation of two piezometers and one accelerometer is shown in Figure 3-17.
It is worth mentioning that each piezometer has two fixing wires which would prevent
sensors dropping during shaking. However, fixing wire cannot be applied to accelerometer
because it might constrain the movement of accelerometer. The installation of five LVDTs

on the side and top LVVDT is shown in Figure 3-18.

Figure 3-17. Installation of piezometer and accelerometer
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Figure 3-18. Installation of LVDTs for shake table test: (a) LVDTs for LSB (b) LVDT
for settlement
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3.3 Input motion for shake table test

The shaking event was defined as 21 sinusoidal cycles of a maximum base
acceleration of 0.25 g at 1 Hz. Two ramp-up and ramp-down cycles were added to make
sure the smooth start and ending of the shake table system. Figure 3-19 shows that the
measured table displacement and the input command of the actuator were almost the same,

which indicates satisfactory performance of the actuator during the shaking.

Input command
*  Measured table displacement

Displacement(cm}
=
-z

T T v T T T T y T T T T T y T T T T T
00 25 50 75 100 125 150 175 20.0 225 250
Time (s)

Figure 3-19. Comparison between the recorded table movement and input command for
actuator

3.4 Shake table test results (1st shaking)

3.4.1 Pore pressure readings

Figure 3-20 presents the pore pressure generation during shaking and pore pressure

dissipation after shaking measured by five piezometers located at five different depths. The
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pore pressure data were recorded at 200 Hz. A clear excess pore pressure build-up was
observed during the shaking event. After the shaking ended, a small increase of pore
pressure was observed and then the excess pore pressure dissipated. 95 s after shaking, the
excess pore pressure was gone. There was a slight increase of the static pore pressure at
the end. The sensors might drop a bit (2-3 cm) because of the occurrence of liquefaction
and sand strength loss. With the help of fixing wires, the settlement of piezometers due to

soil settlement was minimized.

‘Excess pore pressure build—up‘ |Exccss pore pressure dissipation
30 I 1 - Il 1 1 1
] l 1| End of shaking
254 A -

20+

Pore Pressure (kPa)

0 T T T T T
0 20 40 60 80 100 120

Time (s)
Figure 3-20. Pore pressure readings at different depths

To further look at the pore pressure generation, Figure 3-21 presents the pore
pressure readings at the first 25s. A locally weighted scatterplot smoothing (LOWESS) was
applied to the raw data. The solid lines in Figure 3-21 were the results after smoothing. In
this research, liquefaction is defined by a pore pressure ratio ru=1, which means the excess

pore pressure is equal to the initial vertical effective stress. The pore pressure of sand at
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different depths all rapidly increased after the two ramp-up cycles. The pore pressure
reading from PZ-1 suggested that the sand near the top liquefied at 8 seconds. PZ-2
suggested that the sand at this depth liquefied at 23 seconds. PZ-3 showed a similar pore
pressure increase trend as PZ-4 and the sand at these two depths liquefied at around 20.5
seconds. The sand near the bottom of the sample had a rapidly increased pore pressure
within the first 5 seconds and eventually liquefied at 25 seconds. The pore pressure
readings from duplicate piezometers (PZ-6 and PZ-7) were almost the same as the readings
from the piezometers in the middle (PZ-4 and PZ-3), thus were not included in Figure 3-
20 for the sake of clarity. Overall, the pore pressure readings indicate the occurrence of

liquefaction for the whole sand deposit.
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Figure 3-21. Pore pressure generation during shaking at different depths
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3.4.2 Shear strains

The cyclic shear strains (y) of the soil induced by the shaking are shown in Figure
3-22. The shear strain was calculated using the LVDT readings. For example, y1 was
calculated by the relative displacement between LVDT-1 and LVDT-2, and thus it
represented the average shear strain for the sand between LVDT-1 and LVDT-2. Figure 5
suggested that all the shear strains increased rapidly as the shaking started and kept
relatively constant amplitudes after 4 seconds. The shear strain amplitudes were consistent
with the pore pressure readings from Figure 4. The sand at PZ-1 had the highest shear strain
amplitude (more than 10%); hence, this depth liquefied first. The sand at PZ-5 had the
smallest shear strain amplitude (4%); hence, this depth liquefied last. The sand at PZ-3 and
PZ-4 had similar shear strain amplitude (7.5%) but slightly larger than that at PZ-2 (6.8%);
hence, the sand at PZ-3 and PZ-4 liquefied at about same time and earlier than the sand at

PZ-2. The results showed a correlation between pore pressure ratio and cyclic shear strain.
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Figure 3-22. Cyclic shear strain during shaking at different depths: () D=0.2m (b) D =
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3.4.3 Lateral displacement

The absolute lateral movement time histories of different LSB frames are shown in
Figure 3-23. The lateral movement of 10" frame (LVDT-5) was very similar to that of the
table, as the location of this frame is close to the table top. The 8" frame (LVDT-4) had
slight amplification at the first three cycles and kept an averaged amplitude of 5 cm. The
6" frame (LVDT-3) had more obvious amplification at the first three cycles and kept an
averaged amplitude of 3.8 cm. The 4" frame (LVDT-2) had obvious amplification at the
first three cycles and kept an averaged amplitude of 3.6 cm. The 2" frame (LVDT-1) had
large amplification (11.8 cm) at the first three cycles and kept an averaged amplitude of

2.7 cm.
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Figure 3-23. Absolute lateral movement time histories of different LSB frames (a) 2"
frame (b) 4" frame (c) 6 frame (d) 8" frame (e) 10" frame

3.4.4 Acceleration

The acceleration time histories of sand at different depths are shown in Figure 3-
24. The recorded signals were filtered using a 3" order, 60 Hz Butterworth filter. This
filtering was employed in a series of shake table testing by Wartman (1996). The filtered
shake table acceleration recordings, as shown in Figure 3-24 (f), were consistent with the
actuator feedback presented in Figure 3-19. In general, the acceleration recordings had a
similar trend captured by LVDTs on the LSB. A major amplification in the first three cycles

was observed at shallow depths (ACC-1, ACC-2 and ACC-3). After that, the accelerations

o1



of the sand at these three depths kept an average amplitude of 0.1g. The average
acceleration amplitudes measured by ACC-4 (D = 0.95 m) and ACC-5 (D = 1.2 m) were
0.16g and 0.21g, respectively. In general, from the bottom to the top of the soil specimen,
a deamplification trend was observed. This can be explained by the liquefaction as follows.

In the first several cycles, the excess pore pressure due to shaking was still small.
The sand was able to maintain most of its stiffness, so that an acceleration amplification
was observed at shallow depths. However, with the development of positive excess pore
pressure, the soil stiffness decreased quickly and dramatically. The shake table motion
cannot be transmitted to the sand surface anymore. A de-amplification of the acceleration
was observed. Kramer (1996) suggested that the amplitude and frequency content of the
surface motion may change considerably throughout the earthquake due to liquefaction.
The development of very high pore pressures can cause the stiffness (and strength) of even
a thin layer to be so low that the high-frequency components of a bedrock motion can be
filtered by this layer (Kramer 1996). In this research, the frequency content of input motion
is simple (1 Hz). A change of frequency content due to liquefaction was not observed. The

amplitude change, however, was consistent with the evidence suggested by Kramer (1996).
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Figure 3-24. Acceleration time histories during shaking at different depths: (a) D =0.2 m
(b)) D=0.45m(c) D=0.7m (d) D=0.95m (e) D = 1.2 m (f) Shake table

3.4.5 Settlement

The surface settlement time histories from the top LVDT are shown in Figure 3-25.
The surface did not settle in the first two seconds. After that, the settlement rate increased,
and a final settlement of 4.25 cm was observed. A large fluctuation was observed in the
test. This might be due to the plastic plate which was placed between the top LVDT rod
and sand surface in the shake table test. The rocking of the plate during shaking may result

in significant fluctuation in LVDT measurement.
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Figure 3-25. Surface settlement time histories from top LVDT during shaking

3.5 Conclusion and summary

The following conclusions and summary are based on the data, analysis and
interpretation presented in this chapter.

1) The shake table has a satisfactory performance for a sinusoidal input motion with
0.25g-amplitude at 1 Hz.

2) The sand generates excess pore pressure during shaking event. The excess pore
pressure starts to dissipate after the shaking ends. It takes about 95s for a total dissipation
of excess pore pressure.

3) The pore pressure readings indicate the occurrence of liquefaction for the whole
sand deposit. The sand near the top liquefies first (8 s) and the sand near the bottom
liquefies last (25 s). The sand in between liquefies between 20.5 s to 23 s.

4) A correlation can be found between pore pressure ratio and cyclic shear strain.
The sand that liquefies first shows the largest shear strain amplitude. The sand that liquefies

last has the smallest shear strain amplitude.
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5) Both amplification in the first 3 cycles and de-amplification after the first 3
cycles of acceleration in the soil deposit were observed in the test. The development of
positive excess pore pressure can decrease the soil stiffness. The change of soil stiffness

can alter the acceleration response of the soil.
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Chapter 4

Time-Dependent Cone Penetration Resistance of a Post-Liquefaction
Sand Deposit at Shallow Depth

This chapter presents a series of piezo-cone penetration testing (CPTu) performed
on the liquefied sand deposit from the shake table test presented in Chapter 3. The cone
penetration resistance, friction resistance, and pore water pressure throughout the depth of
the post-liquefaction sand deposit were measured during the CPTu. To capture the sand
aging effect after liquefaction, CPTu tests were done at different locations over a total
elapsed time of 135 days. The main findings of this chapter are: (1) The cone penetration
resistance of the sand deposit decreased significantly immediately after liquefaction when
compared with that before liquefaction; (2) the cone penetration resistance of the post-
liquefaction sand deposit increased with time; a relationship between cone penetration
resistance and time at different effective stresses is proposed, (3) the CPTu results were
normalized with respect to effective overburden stress and the relationship between

normalized CPTu results of the post-liquefaction sand deposit and time is proposed.

4.1 CPTu test

4.1.1 CPTu test design and implementation

Piezo-cone penetration testing (CPTu) was used to evaluate the liquefaction

resistance of the sand deposit. In the field, the CPT or CPTu test is usually done using a



truck-based CPT push system. In this research, a customized CPTu push system was
designed, built, and mounted above the LSB. As shown in Figure 4-1 (a), a reaction frame
was anchored on top of the protection frame and housed a hydraulic piston, a rod and a
CPTu cone (Geonor, Inc., Augusta, NJ) with a diameter of 31 mm. The hydraulic piston
(Model CHIEF WC 3000, BAILEY HYDRAULICS, Knoxville, TN) and mounting system
were designed and constructed to push the rod and CPTu cone into the soil at a constant
speed of 1.5 cm/s for 1.27 m. The reaction frame can be bolted onto a C-channel at three
different locations. By moving the C-channel on the protection frame and moving the
reaction frame on the C-channel, it was possible to perform CPTu tests at different

locations on the sand deposit. Figure 4-1 (b) presents the CPTu test operation.

>

[« CPT System

Protection Frame

Laminar Shear Box

Shake Table
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Figure 4-1. CPTu test: (a) CPTu design illustration; (b) CPTu in operation; (3) CPTu plan
view
A total number of 9 CPTu tests were planned and conducted for the soil deposit

within the laminar shear box. Yang (2006) suggested the influence zone for end bearing

piles in clean sand is between 1.5 and 2.5 D, where D is pile diameter. The dimeter of the
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CPTu cone used in this study is 31 mm. The influence zone should be between 46.5 mm
and 77.5 mm. In the experimental design for this project, the spacing between each CPTu
was at least 254 mm. Moreover, the CPTu cone and rod are made of stainless steel and
have smoother surface compared with piles. Overall, the design is conservative enough to
make sure each CPTu test is affected by others. The detailed plan for the nine CPTu

locations is summarized in Figure 4-1 (c).

4.1.2 Time schedule of CPTu tests

Anderson and Stokoe (1978) reported that the low-amplitude shear modulus of soil
increased approximately linearly with the logarithm of the time after primary
consolidation, this was referred to as the long-term time effect. In this research, a similar
time schedule for testing was adopted. The CPTu after shaking was designed to span a
period from 10 mins to 2x10° mins. Considering the time required for preparation and
installation of CPTu system immediately after shaking, 10-minute CPTu was the earliest
test that can be realistically conducted. The subsequent tests were designed to be conducted
at 10, 40, 1500, 30000, 50000, 100000 and 200000 mins. The actual time after liquefaction
for tests were 10, 39, 1600, 33167, 51810, 100726 and 194553 mins due to the limitation

of working schedules. The CPTu testing time is summarized in Table 4-1.
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Table 4-1. CPTu testing time schedule

Time after Time after liquefaction
Event CPT-Data Log | .. . .
liquefaction(mins) (days)
Before CPT-1 N/A N/A
liquefaction CPT-2 N/A N/A
CPT-3 10 0.007
CPT-4 39 0.027
CPT-5 1600 1.111
After
. . CPT-6 33167 23.033
liquefaction
CPT-7 51810 35.979
CPT-8 100726 69.949
CPT-9 194553 135.106

4.2 Cone resistance variation before and after liquefaction with time

4.2.1 CPT results before shaking

For CPTs in liquefaction applications, the measured cone resistance (qc) requires

correction because of unequal end area effects (Campanella et al. 1982) as:
qt=Qgc + (1- ar) uz (4-1)

where q: = the corrected cone resistance, ar = area ratio for the cone tip (0.85 used
in this research), and u2 = measured pore pressure behind the cone tip. The measured cone
resistance in this research was corrected using Equation 4-1.

The friction ratio is defined as the percentage of sleeve friction, fs, to cone
resistance, g, at the same depth.

R = (fs/ qt) x100% (4-2)
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The results from CPT-1(before liquefaction) are shown in Figure 4-2. The cone
resistance increased with depth until 0.9 m and then maintains around 800 kPa to a depth
of 1.27 m where the push ended. The sleeve friction is small with a maximum value less
than 4 kPa. The friction ratio is less than 1%. The measured pore pressure during
penetration is approximately equal to the static pore pressure, which confirms the full
saturation of the soil profile and reliability of pore pressure measurement. Both the friction
ratio and pore pressure reading indicate that the soil profile is clean sand (Robertson 1990;

Robertson and Cabal 2015), which is consistent with the properties of Ottawa sand used in

this research.
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Figure 4-2. CPTu results for CPT-1 (before liquefaction)

4.2.2 Pre- and post-liquefaction cone resistance variation

To investigate the effect of liquefaction on the strength of the soil, the cone tip
resistance values of sand before and after liquefaction were compared. Both CPT-1 and
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CPT-2 were conducted 1 day before shaking at different locations. As shown in Figure 4-
3, the CPT-1 and CPT-2 have similar cone resistance readings at similar depths, indicating
that the sample preparation (sand pluviation) is consistent at different plan view locations.
CPT-3 was performed 10 mins after shake table testing. The cone resistance measured by
CPT-3 decreased compared with the pre-liquefaction cone tip resistance. After
liquefaction, the cone resistance was reduced by 40.3%, 43%, 52.9% and 51.5%, at the
depth of 0.4 m, 0.6 m, 0.8 m, and 1.0 m, respectively. On average, liquefaction reduced the
cone resistance of the sand by 50%. This observation of cone resistance decrease is
consistent with Ha et al. (2011). Ha et al. (2011) presented a series of shake table tests and
found out the liquefaction resistance of the sand decreased significantly from the 1st to the
2nd shaking event (sand liquefied in 1st shaking), despite the increase in relative density.
Oda et al. (2011) suggested that the soil undergoes large shear strain during liquefaction (>
2 - 3%), which creates a highly anisotropic, column-like structure that is highly unstable in
the major principle stress direction.

Charlie et al. (1992) reported a 62% tip resistance decrease due to blasting and
concluded that the natural sand deposits have an existing structure that is destroyed by the
disturbance due to blasting. The 62% tip resistance decrease from Charlie et al. (1992) is
comparable to the 50% decrease in this study, which indicates that both blasting and
liquefaction due to shaking have extensively disturbed the soil. This comparison is
interesting because blasting has been used effectively to densify cohesionless and saturated
soil as a ground improvement method (Charlie et al. 1992), while liquefaction is considered

as an unwelcome phenomenon. The cone resistance decrease observed in this study is a
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strong evidence that the liquefaction has destroyed (at least partially) the original soil

structure formed in deposition.

—e— CPT-1 1 day before liquefaction
—— CPT-2 1 day before liquefaction
—sa— CPT-3 10 mins after liquefaction
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Figure 4-3. Cone resistance variation before and after liquefaction

4.2.3 Post-liquefaction cone resistance gain with time

After liquefaction, a total of seven CPTu tests (CPT-3 to CPT-9) in a span of 135

days were performed to investigate the effect of time after liquefaction on sand strength.
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Figure 4-4 summarizes the cone resistance of all the CPTu tests conducted after
liquefaction. From the results of CPTu tests of CPT-3 to CPT-9, the data clearly indicate
that the sand deposit was gaining strength with time at all depths. All the seven curves were
replotted in cone resistance contours with both depth and time and shown in Figure 4-5.
From the contour plot, the smallest q: value happens at the top left corner with the
shallowest depth and shortest time. As the time and depth increase, the gt also increases.
The bottom right corner represents the maximum depth and time, which also has the
maximum value of cone resistance. The relatively consistent color changing from top left
corner to bottom right corner demonstrates that the cone resistance q: varies with both

effective overburden stress and time.
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Figure 4-4. Cone resistance of CPT-3 to CPT-9
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Figure 4-5. Cone resistance contour plot with time and depth

To investigate the effect of time after liquefaction on cone resistance, CPT-3 to
CPT-9 were further compared at five selected depths (0.4 m, 0.6 m, 0.8 m ,1.0 m and 1.2
m). The cone resistance of sand deposit 10 mins after liquefaction (CPT-3) is considered
as a base value, which is shown as 100% in Figure 4-6. At depth of 0.4 m, the cone
resistance of CPT-4 to CPT-9 is 123%, 141%, 165%, 169%, 187% and 242% of that from
CPT-3, showing that the sand strength was continuously increasing with time. The same
trend can also be found at depths of 0.6 m, 0.8 m, 1.0 m and 1.2 m, suggesting such time
effect is universal at different depths. For CPT-4, although it was conducted only 29 mins
after CPT-3, the cone resistance is 123%, 123%, 115% , 104% and 112% of that from CPT-
3 at depths of 0.4 m, 0.6 m, 0.8 m, 1.0 m and 1.2 m, respectively, this means the sand
experienced rapid increase in strength after a major disturbance (liquefaction). After

194,553 mins (or 135 days), the cone resistance had substantial increase. The gt is 242%,
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277%, 208%, 169% and 170% of that from CPT-3, at the depths of 0.4 m, 0.6 m, 0.8 m,1.0
m and 1.2 m, respectively. The aging time of 135 days gave an average of 113% strength
increase for the sand deposit.

Other researchers also reported similar findings of the aging effect on the
penetration resistance of sands. Joshi et al. (1995) pushed 10 mm diameter probes into
clean sand deposit under 100 kPa. For river sand submerged in distilled water, a 40%
increase in penetration resistance was reported between 1 day and 4-week tests. In this
research, from CPT-5 (that was conducted at 1.1 days) to CPT-7 (that was conducted at
35.9 days), the cone penetration resistance increases by 27% on average from depth 0.2 m
to 1.0 m. Schmertmann (1991) summarized several examples of the significant effects of
aging on soil’s engineering properties from the literature and reported a general 50 to 100
% improvement effect in many key soil properties over time from a few days to 100 years.
In this paper, the average of 113% cone resistance increase in 135 days (from CPT-3 to
CPT-9) is also comparable with the reported aging effect range by Schmertmann (1991).
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Figure 4-6. Cone resistance increase with time after liquefaction at different depths

The reason for the obvious sand strength increase with time can be explained as the
continued rearrangement of sand particles during secondary compression, as suggested by
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Mesri et al. (1991). The rearrangement results in an enhanced macrointerlocking of sand
particles and microinterlocking of grain surface roughness. Other factors could also
contribute the strength gain, such as grain slippage, soil-structure dispersion, increase of
interlocking, and a probable internal arching of stresses (Schmertmann 1991). In the
meanwhile, partial cementation caused by precipitation of salts and probably also silica on
the sand grains and in the pores resulted in the larger increase in the penetration resistance

(Joshi et al. 1995).

4.2.4 Cone resistance recovery after liquefaction

Although liquefaction reduces the cone resistance of the sand deposit, time allows
sand to age and regain strength. However, whether the sand strength recovers to the same
level as of before liquefaction has heretofore remained unknown. The average cone
resistance of CPT-1 and CPT-2 is considered as a base value prior to liquefaction. The cone

resistance recovery can be defined as:

dt(CPTi (i=3-9))— dt(Avg CPT1&2) % 100% (4_3)
dt(Avg CPT1&2)

q; recovery percentage =

The calculated percentages of cone resistance recovery are summarized in Figure
4-7. The horizontal zero line represents the pre-liquefaction cone resistance level. The
negative values below the recover line suggest the sand is still weaker than pre-liquefaction
state. The positive values mean the sand has fully recovered in strength and is even stronger
than the pre-liquefaction condition. At depth of 0.4 m, CPT-3 shows that the cone
resistance is initially 38% less than the pre-liquefaction resistance. With time, the soil
strength at this depth gradually recovered and continued to gain strength well beyond the
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pre-liquefaction strength. After 33,167 mins (23 days), CPT-6 shows a 2% increase
compared to CPT-1&2. After 194,553 mins (135.1 days), CPT-9 has a 49% increase
compared to the pre-liquefaction resistance. At the depth of 0.6 m, it started with a 43%
strength decrease right after liquefaction and ended up with a 58% increase after 194,553
mins. However, for the depths of 0.8 m and 1.0 m, the soil strength did not fully recover.
Even after 194,553 mins (CPT-9), the cone resistances were still 2% and 18% less than the
pre-liquefaction values at the depths of 0.8 m and 1.0 m, respectively. At the depth of 1.2
m, the soil was found to have 36% strength gain at CPT-9. The data suggest that, with time,
the post-liquefaction strength will eventually return to the pre-liquefaction strength.
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Figure 4-7. Cone resistance recovery with time after liquefaction

4.2.5 Relationship between cone penetration resistance and time

To further investigate the relationship between the cone penetration resistance (qt)
of post-liquefaction sand and time, three different effective stress levels are selected. The
average q: from three depth intervals of 0.2-0.6 m, 0.6-1.0 m, and 1.0-1.25 m, with an

average effective stress level of 4.0 kPa, 8.0 kPa, and 11.3 kPa, respectively, is plotted
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against time in Figure 4-8. A logarithm relationship between gt and t can be established
using:

ge=klog (t) +b (1>10) (4-4)

where t is the aging time expressed in minutes; k and b are constants depending on

the effective stress levels of the sand. Table 4-2 lists the values of constants and R? for three

different effective stress levels. The R? of the fittings using Equation 4-4 are 0.794, 0.801

and 0.852 for effective stress level of 4.0 kPa, 8.0 kPa, and 11.3 kPa, respectively. The R?

values indicate that Equation 4-4 can well describe the logarithm relationship between qt
and t.

Table 4-2. Values of constants and coefficient of determination (R?) for Equation 4-4

Average effective stress o'v (kPa) | k b R2
4.0 47.0|154.4 | 0.794
8.0 66.0 | 227.4 | 0.801
11.3 67.6 | 476.5 | 0.852
L) crv’(mm:4.0 kPa
10007 | | L
900 4 L C;u[rv; ;'lt for 4(0dkPa
%qt m U } —(“;urve fit for 8:0 kPa
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Figure 4-8. gt variation with time at different effective overburden stresses
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To investigate the predictive behaviors of Equation 4-4, Figure 4-9 compares the
CPT data from the existing literature under various testing conditions and the equation
proposed by this research. Equation 4-4 at 4 kPa and 11.3 kPa is included in Figure 4-9 to
show the range of cone resistance increase after liquefaction from this research. The details
of the previous studies by Mesri et al. (1990), Charlie et al. (1992), and Joshi et al. (1995)
are summarized in Table 4-3. The test methods for the empirical equations summarized in
Table 4-3 varied. For example, the equations from Mesri et al. (1990) and Joshi et al. (1995)
were examined by laboratory data, while Charlie et al. (1992) presented field CPT results
after blasting. All the summarized equations focus on cone penetration variation with time
after major disturbance or fresh deposition.

Figure 4-9 shows that the increase of cone resistance predicted by Equation 4-4
from this research is within a reasonable range compared with others’ work. It should be
noted that most literature did not capture the immediate cone resistance increase after
disturbance. Joshi et al. (1995) reported the first test one day after deposition while Charlie
et al. (1992) conducted the first CPT one week after blasting. In this research, the first
CPTu test was performed 10 mins after liquefaction. This provides further understanding
of the cone resistance increase with time. The limitation of Equation 4-4 is that it only
applies to relatively low effective stress levels (less than 11.3 kPa). The performance of

this equation at higher stress levels needs further investigation.
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References Type of test Proposed equation Notes

Mesri et al. Lab qe/(qe)r = (t /tr) (qc)r is a reference

(1990) compression CpCaCc penetration resistance at a

tests time after the primary

consolidation. Cc is
compression index, Ca is
secondary compression
index, p is between 3 to
20, dependent on
densification.

Charlie et al. Field CPT (eIN/(ge)1=1+K N is time in weeks. K is in

kPa with 10
mm diameter
penetrometer

(1992) log(N) the range of 0 to 1 and
dependent on soil type,
densification method and
temperature.

Joshi et al Lab samples PY/P1=a (t)° t is aging time in days. Pt is

(1995) aged under 100 the penetration resistance

at age t. P1 is the
penetration resistance of
freshly deposited sand on
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the first day. a and b are
constants depending on the
environmental conditions
of the sand.

This research Shake table
test with CPTu
test

ge=klog (t) +b

t is aging time in minutes.
q: 1s the cone penetration
resistance.

A power function was used to fit the data as an alternative to Equation (4-4). The

comparison using this power function was also compared with others’ work and shown in

Figure 4-10. In this fitting, the 1-day CPT results were considered as the starting values.

The prediction using power function is close to the prediction by Jorshi et al. (1995) under

submerged conditions.
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Figure 4-10. Comparison of other research using power function
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4.3 Normalized cone penetration resistance variation with time

4.3.1 CPTu test results normalization

Since CPT results are one of the most widely used indices for evaluating the
liquefaction characteristics of soil (Boulanger and Idriss 2014), several correlations have
been proposed to estimate CRR for clean sand using CPT penetration resistance corrected
for overburden pressure (e.g. Suzuki et al. 1995; Stark and Olson 1995; Robertson and
Wride 1998, Boulanger and Idriss 2014). The CPTu results normalized in this paper
follows the flow chart suggested by Robertson and Wride (1998).

The normalized cone penetration resistance (qcin, dimensionless) corrected for
overburden stress is given by:

doin = GG (4-5)

where qc is the measured cone tip penetration resistance; Pa is a reference pressure

in the same units as oo (i.e., Pa= 100 kPa if ovo is in kPa); and Pa2 is a reference pressure
in the same units as qc (i.e., Pa2 = 0.1 MPa if qc is in MPa).

The soil behavior type index, I, is defined as follows (Robertson and Wride 1998):

lc = [(3.47 - Q)% + (log F +1.22)2 1% (4-6)
where Q is the normalized CPT penetration resistance

Q = [(qc - ovo)/ Pa] [(Pa/ ov0) "] 4-7
and F is the normalized friction ratio in percent

F= [fs/ (QC - O'vO)] x 100% (4-8)
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As suggested by Robertson and Wride (1998), an exponent value of 0.5 for n is
appropriate for clean sands. The calculated Ic for all the CPTus is less than 2.6, which
confirms that the soil is nonplastic and granular.

The cyclic resistance ratio (CRR for M = 7.5) can be estimated using the equivalent
clean sand normalized penetration resistance gcin by:

CRR75 =0.833 ((qcin) s /1000) + 0.05 ((geaN) cs < 50) (4-9)

Using the normalization equations by Robertson and Wride (1998), the normalized
cone penetration resistance gcin from CPT-3 to CPT-9 is plotted in Figure 4-11. The results
suggest that the gcin for all the CPTus is generally within the range from 10 to 30, which
is relatively small due to the shallow depth of sand deposit. Similar to the cone resistance
curves shown in Figure 4-4, an increasing trend of gcan can also be found from CPT-3 to
CPT-9. The qgcin curves from CPT-3 to CPT-9 indicate that the gcin of sand deposit
increases with the aging time. The variation of gcin values with depths, however, is difficult
to generalize. The qein for CPT-3 to CPT-7 has small variations from depths 0.2 m to 1.0
m and starts to increase with depths from 1.0 m till 1.27 m. CPT-8 and CPT-9 have
relatively large variations through the entire depth. Moreover, based on Equation 4-9, a
small variation of gcin (less than 10) will only introduce very small change on CRR7s. This

research focuses on the time effect on gcin variation.
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Figure 4-11. gcan of CPT-3 to CPT-9

4.3.2 Variation of normalized cone penetration and cyclic resistance ratio with time

By neglecting the gcin variation with depth, a statistical analysis with mean values
and £ 95% confidence intervals (CIs) for CPT-3 to CPT-9 is summarized in Figure 4-12.
An obvious increasing trend of the mean values from CPT-3 to CPT-9 can be seen. The
mean values of CPT-3to CPT-9are 12.7, 14.4,15.7, 18.5, 19.1, 21.1 and 25.5 respectively.
The gein increase of CPT-9 compared with CPT-3 is 101%, which is a little less than the
127% qrincrease reported in previous section. The confidence intervals show that the CPT-

9 has the greatest measurement variation while other CPTus have similar Cls.
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Figure 4-12. The 95% confidence intervals and mean values for gcin

The gein can be replotted with time on logarithmic scale, as shown in Figure 4-13
(a). A linear relationship can be established between gcin and log(t) as follows:
qein = 9.918 + 2.274 log (t) (4-10)
Equation 4-9 gives a linear relationship between gcin and the cyclic resistance ratio
for M = 7.5 (CRR7.5). Thus, the CRR7.s can also be linearly related to log(t) as:
CRR75 = 0.0583 + 0.00189 log () (4-11)
The coefficient of determination (R?) is 0.81 for both regressions. It should be noted

that the linear regression might underpredict gcin and CRRy75 at longer time.
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Figure 4-13. (a) qcin variation with time, (b) CRRz.s variation with time

After the normalization of the CPTu data, a linear relationship can be established
between CRRzsand log (t). However, the increase of CRR75 from CPT-3 to CPT-9 (4.5
months) is less obvious than the gt or gecin increase. The CRR75 is 0.06058 for CPT-3 and
0.07124 for CPT-9. The 135 days’ aging gives a 17.6% increase in CRR7.5. Compared with

the 127% increase in gtand 101% increase in qcin, this increase is much smaller.
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4.4 Conclusions and Recommendations

The following conclusions and summary are based on the data, analysis and
interpretation presented in this chapter.

1. Liquefaction can reduce the cone penetration resistance of a sand deposit
significantly immediately after the liquefaction event. For a sand deposit from 0.2 mto 1.0
m depth, the cone penetration resistance can reduce by 50% on average due to liquefaction.

2. After liquefaction, the cone penetration resistance of a sand deposit increases
with aging time. In an aging span of 4.5 months after liquefaction, an average of 113% gain
in cone penetration resistance was observed. An equation relating the cone penetration
resistance, effective stress and time is proposed and compared with results from the
literature. The equation may under-predict strength gain at long time.

3. The cone penetration resistance of the sand deposit is able to recover to or exceed
the pre-liquefaction level at certain stress levels during the test time span.

4. After the liquefaction, the normalized cone penetration resistance increases with
time. In 4.5 months, a 101% gain of normalized cone penetration resistance is observed.
The normalized cone penetration resistance has a linear relationship with the logarithm of
time.

5. The cyclic resistance ratio for earthquake with magnitude of 7.5 increases with
time after liquefaction. A 17.6% increase in CRRvs is observed in the testing time span.
The CRR75 has a linear relationship with the logarithm of time.

6. Data, equations and discussion presented in this paper are based on the limited

laboratory results for a clean sand. The effective stress levels of the sand are relatively low
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as is typical in a laminar box. Further examination of the proposed equations is needed for
different soil types and effective stress levels.

The following recommendation is based on the results and conclusions from this
study. The CPT case history data for liquefaction study should include the timing
information. Most CPTs in the current database were performed after earthquake loading
and the time elapsed between an earthquake loading and penetration testing was not
regularly reported. This research suggests that short period of time might have great
influence on the soil properties. Aging time between earthquake and field tests cannot be

neglected and should be documented for better data interpretation.
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Chapter 5

The Effect of Shaking History on Liquefaction Resistance of Sand
Deposit

This chapter presents the multiple shaking events performed on the sand deposit
after the 1% shaking presented in Chapter 3 and CPTu testing presented in Chapter 4. Three
major shaking events are designed and performed on the sand deposit after the first shaking
event. The test recordings from piezometer and LVDT are presented and discussed. In this
chapter, the following questions are addressed: (1) What is the liquefaction resistance of
the sand deposit after the 1% shaking? Will the same shaking event liquefy the soil in the
2" shaking? (2) What is the seismic response of the sand deposit when subjecting to
shaking events with longer duration or higher acceleration amplitude? (3) Will a mild
shaking event have the same effect on the liquefaction resistance as a strong shaking?
Answering these questions can provide insights for further understanding of the effect of

shaking history on liquefaction resistance of sand deposit.

5.1 Multiple shaking events

5.1.1 Time schedule for multiple shaking events

Three major shaking events were designed and performed on the same sand deposit
after the first shaking that was presented in Chapter 3. The 2" shaking occurred after 153

days after the 1 shaking. The 3™ shaking occurred 21 days after the 2" shaking, and the



4™ shaking occurred 21 days after the 3™ shaking. The 2" shaking had the same input
motion as the 1% shaking. The 3™ shaking had the same acceleration amplitude and
frequency as in the 1% shaking, but longer durations. The 4" shaking was comprised of four
sub-shaking events that are denoted as shaking 4-1, 4-2, 4-3, 4-4, the resting duration
between the sub-shaking events is 5 min. The detailed time schedule for multiple shaking

events is summarized in Figure 5-1 and Table 5-1.

‘Time schedule for multiple shaking events‘

4th shaking
0.4 g,25s(4-1)
0.25g,255s(4-2)
0.1g, 145(4-3)
0.25g,25 s (4-4)

2nd shakingl \3rd shaking

First shaking

e eeoeeeeeee- 153 days|----o- =421 dayspd21 daysH

0.25g,25s

Figure 5-1. Time schedule for multiple shaking events, the shaking events have varying
acceleration amplitude and duration, and the same frequency of 1 Hz.

0.25 g,255/[0.25 g, 60 5|

Table 5-1. Time schedule for multiple shaking events

Time elapsed
Shaking Event Amplitude (g) | Duration from last
shaking
1st shaking 0.25 25 N/A
2nd shaking 0.25 25 153 days
3rd shaking 0.25 60 21 days
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4-1 0.4 25 21 days
4th shaking 4-2 0.25 25 5 mins

4-3 0.1 14 5 mins

4-4 0.25 25 5 mins

5.1.2 Input motion for 2", 374 and 4t shaking

Input motion for the 2" shaking

The input motion of the 2" shaking was the same as the first shaking event that was
presented in Chapter 3. The shaking event was defined as 21 sinusoidal cycles of a
maximum base acceleration of 0.25 g at 1 Hz, as shown in Figure 5-2. Two ramp-up and
ramp-down cycles were added to make sure smooth start and ending of the shake table
system. The purpose of choosing such shaking was to evaluate whether the same sand

deposit after 153 days of aging can still liquefy or not under the same shaking event as the

15t one.
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¢ Measured table displacment

ARTITITTTTTITITI.

2nd Shaking —=— Input command

Displacement(cm)
(]

LT L

00 25 50 75 100 125 150 175 20.0 225 250
Time (s)

Figure 5-2. Input motion for the 2" shaking (0.25g, 1 Hz, 25 cycles)

Input motion for the 3" shaking

The shaking event was defined as 56 sinusoidal cycles of a maximum base
acceleration of 0.25 g at 1 Hz with two ramp-up and ramp-down cycles, as shown in Figure
5-3. The design intent of this shaking event was to investigate the seismic response of sand

deposit under longer shaking duration.
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: Input command
3rd shaking + Measured table displacment

64 .

Displacement(cm)
=T N
1 IL 1

0 10 20 30 40 50 60

Time (s)

Figure 5-3. Input motion for 3™ shaking (0.25g, 1 Hz, 60 cycles)

Input motion for the 4" shaking

The shaking event (4-1) was defined as 21 sinusoidal cycles of a maximum base
acceleration of 0.4 g at 1 Hz with two ramp-up and ramp-down cycles, as shown in Figure
5-4. A 0.25 cm difference between the measured table movement and the input command
was observed at the peak values. This means the actual input motion was 0.39g, slightly
less than the 0.4qg target. The shake table actuator was still able to perform well for relative
strong input motions.

The shaking events (4-2) and (4-4) were the same. Both were also the same as the
input motion of the 1% and 2" shaking. The shaking event (4-3), however, only had 0.1g
and 14 cycles. This event was designed to be a mild shaking event. By comparing the

seismic response from shaking events (4-2) and (4-4), the influence of a strong shaking (4-
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1) and mild shaking (4-3) on the sand deposit could be investigated. The input command
and measured table displacement for shaking (4-2) to shaking (4-4) are shown in Figure 5-

5 to Figure 5-7, respectively.

Input command
. - Measured table displacement
104 4
o MAALRRARL] HHnHI HH
6 | |
= o
Q
: 2
g
< T
-8 | | |
S AR RARRARMARRRIRAARE
00 25 50 75 100 125 150 175 200 235 250

Time (s)

Figure 5-4. Input motion for shaking event (4-1) (0.4g, 1 Hz, 25 cycles)

Input command
4th shaking(4-2) - Measured table displacement
6 N
T
4
g
95_, 0
3
£ 21
)
4 H
PRI RRRRURR AR 21

00 25 50 75 100 125 150 175 200 225 250

Time (s)

Figure 5-5. Input motion for shaking event (4-2) (0.25 g, 1 Hz, 25 cycles)
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Input command

4th shaking(4-3) + Measured table displacement
4

Displacement(cm)
(]

2 -

'4 T T T T T
0.0 25 5.0 7.5 10.0 12.5

Time (s)

Figure 5-6. Input motion for shaking event (4-3) (0.1 g, 1 Hz, 14 cycles)

Input command

4th shaking(4-4) + Measured table displacement

ennrmIne

Displacement(cm)
(]

ARURRRRURRARN N

00 25 50 75 100 125 150 175 200 225 250

Time (s)

Figure 5-7. Input motion for shaking event (4-4) (0.25g, 1 Hz, 25 cycles)
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5.2 Shake table test results for multiple shaking events

5.2.1 Shake table measurement of the 2" shaking

Pore pressure readings

Figure 5-8 presents the pore pressure readings for the 2" shaking. A clear excess
pore pressure build-up was observed during the shaking event. An interesting observation
was that the excess pore pressure did not start to dissipate right after shaking. A relatively
obvious pore pressure increase was observed from PZ-2 to PZ-5. PZ-5 (D = 1.2 m) recorded
its maximum reading at t = 27.5 s, 2.5 s after the end of shaking. PZ-4 (D = 0.95 m)
recorded its maximum reading at t = 32.4 s. PZ-3 (D = 0.7 m) had the maximum reading
at t = 37.6 s. PZ-2 (D = 0.45 m) recorded its maximum reading at t = 52.5 s. No pore
pressure increase after shaking was observed at PZ-1 (D = 0.2 m). However, the excess
pore pressure started to dissipate at this depth at around t = 50 s. The maximum values of
the pore pressure readings after shaking were marked and shown in Figure 5-8. The reason
that a maximum pore pressure reading did not happen right after shaking can be explained
by the excess pore pressure dissipation process. Apparently, the sand at the bottom would
build up the highest excess pore pressure. As the excess pore pressure started to dissipate,
a water flow might be developed from the bottom to top because of the water head
difference. The water flew to the top gradually. This caused the maximum pore pressure to
occur at different time for different sand layers. Another evidence for this explanation is

that the sand near the bottom (PZ-5) was the first one finishing excess pore pressure
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dissipation while sand near the top (PZ-2) finished the dissipation last. However, this trend

was not observed in the PZ-1 readings.

‘Excess pore pressure build—up| |Excess pore pressure dissipation‘
30 1 - ! 1 | 1 1
i End of shaking 2nd shaking| |
25 E | |—PZ-1 |
_ : —PZ-2| |
& : ——PZ-3
% 20+ i [——PZ-4 T
3 : —PZ-5| 1
S 154 ||l : L
5 | :
s T
=] j ' ~
& 101 ; \ _
5 n ] N |
0 n T : T T T T
0 20 40 60 80 100 120
Time (s)

Figure 5-8. Pore pressure readings of the 2" shaking at different depths

Figure 5-9 presents the excess pore pressure generation during the shaking event.
The dash lines represent the target pore pressure readings if liquefaction occurs (i.e., ru =1).
The readings from PZ-1 suggest that the sand at this depth was close to liquefaction. Most
of the sand, represented by PZ-2 to PZ-5, did not liquefy. For example, at the end of the
shaking, the pore pressure at PZ-3 reached 14.7 kPa. The sand at this depth would liquefy

if the pore pressure reaches 17.4 kPa. The pore pressure ratio was 0.7 at the end of shaking.
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| =10z 2nd shaking

Pore Pressure (kPa)

Time (s)

Figure 5-9. Excess pore pressure generation during the 2" shaking at different depths

Lateral displacement

The absolute lateral movement time histories of different LSB frames are shown in
Figure 5-10. The lateral movement of the 10" frame (LVDT-5) was very similar to that of
the table. The 8" frame (LVDT-4) had slight amplification at the first three cycles and kept
an averaged amplitude of 5.2 cm. The 6" frame (LVDT-3) had more obvious amplification
at the first three cycles and kept an averaged amplitude of 5 cm. The 4" frame (LVDT-2)
had obvious amplification at the first three cycles and kept an averaged amplitude of 5 cm.
The 2" frame (LVDT-1) had large amplification (15 cm) at the first three cycles and kept
an averaged amplitude of 5 cm.

LSB movement of the 1% shaking clearly demonstrated both amplification and de-

amplification due to liquefaction occurrence. In the 2" shaking, amplification was indeed
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observed in the first four cycles. After that, no de-amplification was observed. All the
recorded LSB frames had similar amplitude of about 5 cm. As discussed in Chapter 3, the
main reason for a ground motion de-amplification is the occurrence of liquefaction. Some
shear waves cannot propagate through a liquefied layer. In the 2" shaking, liquefaction did
not occur based on the pore pressure readings. The observation in lateral movement was

consistent with the pore pressure readings.
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15 -
g 10 -
S
g 9] [
e :
O [
A-10 -
2154 L
0 5 10 15 20 25
Time (s)
(a)
2nd shaking —— LVDT-2
15 -
g 10
2
ERER
]
5]
A-10-
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Time (s)
(b)
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Figure 5-10. Absolute lateral movement time histories of different LSB frames for the 2"
shaking (a) 2" frame (b) 4™ frame (c) 6" frame (d) 8" frame (e) 10" frame. The
elevations of the frames where LVDTs were installed are shown in Figure 3-16
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5.2.2 Shake table measurement of the 3" shaking

Pore pressure readings

Figure 5-11 presents the pore pressure readings for the 3" shaking. Similar to what
happed in the 2" shaking, the excess pore pressure did not start to dissipate right after
shaking either. PZ-5 recorded its maximum reading at t = 61.9 s, 1.9 s after the end of the
shaking. PZ-4 recorded its maximum reading at t = 65.5 s. PZ-3 had the maximum reading
att=68.1s. PZ-2 recorded its maximum reading at t = 77.2 s. This suggests that an upward

seepage was also developed in this shaking event.

|Excess pore pressure build—up| ‘Excess pore pressure dissipation
30 1 | 1 I 1 1 1
l i End of shaking 3rd shaking) |
251 i —PZ-1|L
: — PZ-2

i

. a!mmmmmllll |

0 T | ‘ ‘ T T ; T T T
0 20 40 60 80 100 120 140
Time (s)

Figure 5-11. Pore pressure readings of the 3" shaking at different depths

Pore Pressure (kPa)

Figure 5-12 presents the excess pore pressure generation during the shaking event.
The dash lines represent the target pore pressure readings if liquefaction occurs. The

readings from all piezometers suggest that the sand deposit did not liquefy. For example,
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at the end of the shaking, the pore pressure at PZ-4 reached 16.3 kPa. The sand at this depth
would liquefy if the pore pressure reaches 21.7 kPa. The pore pressure ratio was 0.52 at
the end of shaking. Another observation is that pore pressure increase was not sensitive to
the number of cycles after a certain time. The pore pressure readings from PZ-3, PZ-4 and
PZ-5 kept almost constant after 20 s. The pore pressure readings from PZ-2 stopped

increasing after 40 s.

3rd shaking
30 N 1 . 1 N
r,=1(PZ-5)
95—y
- AL A L b L _ | l A r, =1 (PZ-4)
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o .
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= L ke arepleeriri byt ettt o oL ko
E o0 e ot TR Y NP i SIS = 1(PZ-2)
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Yl_‘l | ol al ol ek
, S L e e [, = 1 (@ZA1)
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Figure 5-12. Excess pore pressure generation during the 3™ shaking at different depths

Lateral displacement

The absolute lateral movement time histories of different LSB frames are shown in
Figure 5-13. From this shaking, all the LVDTs were relocated one frame down since no
sand was within the 2" frame because of the settlement. The lateral movement of 11"
frame (LVDT-5) was very similar to that of the table. The 9" frame (LVDT-4) had very
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slight amplification at the first several cycles and kept an averaged amplitude of 6.2 cm.
The 7" frame (LVDT-3) had more obvious amplification at the first 9 cycles and kept an
averaged amplitude of 6.2 cm. The 5" frame (LVDT-2) had obvious amplification at the
first 9 cycles and kept an averaged amplitude of 6.2 cm. The 3™ frame (LVDT-1) had large
amplification (15 cm) at the first three cycles and kept an averaged amplitude of 6.2 cm.
The general trend of LSB movement was similar to that of the 2" shaking. After the
amplification, the LSB moved almost the same as the shake table. This means the sand

became very dense and little relative movement of the box was allowed.
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Figure 5-13. Absolute lateral movement time histories of different LSB frames for the 3"
shaking (a) 3" frame (b) 5™ frame (c) 7' frame (d) 9" frame (e) 11" frame
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5.2.3 Shake table measurement of the 4™ shaking

Pore pressure readings

Figure 5-14 presents the pore pressure readings of the shaking event (4-1) in the 4"
shaking. Similar to the performances in the 2" and 3™ shaking, the excess pore pressure
did not start to dissipate right after the shaking. PZ-5 recorded its maximum reading at t =
30.6 s, 5.6 s after the end of shaking. PZ-4 recorded its maximum reading at t = 33.5s. PZ-
3 had the maximum reading at t = 36.7 s. PZ-2 recorded its maximum reading at t = 45.5

s. This suggests that an upward seepage also occurred in this shaking event.

30 Il - 1 1 |
] End of shaking 4th shaking (4-1)|{
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~ 1L M
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Figure 5-14. Pore pressure readings of 4" shaking (4-1) at different depths

Figure 5-15 presents the excess pore pressure generation during the shaking event.

Very limited amount of excess pore pressure was generated during this shaking event.
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Apart from the large fluctuations of PZ-5 and PZ-1, the pore pressure at the end of the

shaking was almost the same as that at the beginning of the shaking.

4th shaking(4-1)

30 1 1 1 1 1 1 1 1 1 1 1 1
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Figure 5-15. Excess pore pressure generation during the 4" shaking event (4-1) at
different depths

Lateral displacement

The absolute lateral movement time histories of different LSB frames are shown in
Figure 5-16. The response of the LSB to this shaking was different from that of previous
shakings. All the LVDTs kept a uniform amplitude during the shaking. The amplitudes of
LVDT-1to LVDT-5 (from the top to the bottom of the LSB) are 17.5 cm, 15 cm, 12.5 cm,

11 cm and 10.5 cm, respectively.
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Figure 5-16. Absolute lateral movement time histories of different LSB frames in the 41"
shaking (a) 3" frame (b) 5" frame (c) 7" frame (d) 9" frame (e) 11" frame

Figure 5-17 to Figure 5-19 present the excess pore pressure generation of the
shaking events of (4-2) to (4-4) in the 4" shaking, respectively. The pore pressure
generations during shaking event (4-2) and shaking event (4-4) were similar, as both
shaking share the same input motion. Surprisingly, the pore pressure had more obvious

increase in the shaking event (4-3) than shaking event (4-1), considering that this event was
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a mild shaking. A detailed comparison of results from these four shaking events is

presented in the next section.
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Figure 5-17. Excess pore pressure generation during the shaking event (4-2) at different
depths
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Figure 5-18. Excess pore pressure generation during the shaking event (4-3) at different
depths
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Figure 5-19. Excess pore pressure generation during the shaking event (4-4) at different
depths

5.3 Discussion of the shake table test results

5.3.1 Comparison of shake table recordings in the 1% shaking and the 4" shaking

Relative density

The average relative density of the sand deposit can be calculated based on the
surface settlement recordings. The surface of the sand settled 4.25 cm, 3.11 cm, 1.95 cm
and 1.22 cm after the 1%, 2", 3™ and 4" shaking event, respectively. The calculated average
relative density of the sand deposit was approximately 70.8%, 82.3%, 89.5% and 94.1%
after the 1%, 2", 3" and 4™ shaking events, respectively. The sand deposit became denser

with each shaking.
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Figure 5-20. Average relative density of the sand deposit before each shaking event

Pore pressure ratio

Figure 5-21 presents the comparison of pore pressure ratio (ru) between the 1%, 2",
3" and (4-1) shaking. PZ-2 and PZ-4 were selected to represent the sand at depths of 0.45
m to 0.95 m. ry at both depths had the similar trend. For PZ-2, ryexceeded 1.0 in the 1%
shaking and reached 0.5 in the 2" shaking. In the 3" shaking, rureached 0.33 after 25 s and
arrived at 0.45 in the end. In the 4" shaking (4-1), ruwas less than 0.1. For PZ-4, ruexceeded
1.0 in the 1% shaking and reached 0.72 in the 2" shaking. In the 3" shaking, rureached 0.5
after 25 s and arrived at 0.3 in the end. In the 4™ shaking (4-1), ruwas less than 0.05 and
even had negative values.

A comparison between the 1% and 2" shaking suggests that the liquefaction
resistance of the sand increased significantly. This has been confirmed by the CPTu results

presented in Chapter 4. The liquefaction resistance increase is because of the densification
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as results of the 1% shaking and the aging in the first 153 days. A comparison between the
2" and 3 shaking suggests that the liquefaction resistance further increased, but not as
drastically as that after 1% shaking. The reason might be that the sand only “aged” for 3
weeks and the relative density was already high (82.3%) before the 3" shaking, so that not
much strength gain was obtained. For the 4" shaking (4-1), small ru (less than 0.1) was
reported. This can be explained by the high relative density (89.5%) before this shaking.
The sand was classified as very dense sand. Even a very strong shaking such as 0.4g cannot

generate much pore pressure.
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Figure 5-21. Pore pressure ratio comparison between 1%, 2", 3™ and 4-1shaking: (a) PZ-
2 (b) PZ-4

5.3.2 Comparison of shake table recordings of the 4™ shaking

Figure 5-22 presents the pore pressure ratio (ru) comparison between the shaking
events of (4-2) and (4-4). Both shaking events had the same input motion. However, the
sand deposit experienced different shaking events before these two shakings. Before
shaking (4-2), the sand experienced a strong shaking event (0.4 g, 25 cycles), while before
shaking (4-4), the sand experienced a mild shaking event (0.1g, 14 cycles). The pore
pressure readings of PZ-2 and PZ-4 suggest that ru in shaking (4-4) was slightly smaller
than ru in shaking (4-2). This means mild shaking tends to increase the liquefaction
resistance while strong shaking will reduce the liquefaction resistance. This observation is

in consistence with the findings of EI-Sekelly et al. (2016a).
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Figure 5-22. Comparison of pore pressure ratios between shaking (4-2) and (4-4): (a) PZ-
2 (b) PZ-4
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5.4 Conclusion and summary

The following conclusions and summary are based on the data, analysis and
interpretation presented in this chapter.

(1) Along with the shaking, the sand deposit became denser and denser. The
calculated the relative density of the sand deposit were 70.8%, 82.3%, 89.5% and 94.1%
after the 1%, 2", 3", and 4™ shaking event, respectively.

(2) A comparison between 1% and 2" shaking suggests that the liquefaction
resistance of the sand increased a lot. This is confirmed by the CPTu results presented in
Chapter 4. The liquefaction resistance increase is because of the densification of 1% shaking
and the aging effect in 153 days.

(3) The pore pressure increase was not sensitive to the number of cycles after a
certain time. Increased number of loading cycles would not necessarily produce positive
EXCESS pore pressures.

(4) The mild shaking tended to increase the liquefaction resistance while strong

shaking would reduce the liquefaction resistance.

107



Chapter 6

Numerical Modelling of Sand Liquefaction for Shake Table Test using
PM4Sand

This chapter presents the development of a numerical model simulations of the
shake table tests presented in Chapter 3. The FLAC algorithm and PM4Sand are introduced.
A series of cyclic undrained direct simple shear tests (DSS) of the sand used in the shake
table tests are conducted. The laboratory test results are used for a rigorous model
calibration of PM4Sand. A numerical model is developed in FLAC to simulate the shake
table tests. A detailed comparison of the simulation and shake table testing results is
presented. In this chapter, the following questions are addressed: 1) What is the liquefaction
potential for F50 Ottawa sand under relatively low confining stress levels? 2) Can the
numerical simulations successfully capture key features as well as the trends and
magnitudes of the shake table test recordings? 3) What are the strengths and limitations of
the PM4Sand model in predicting soil response under small stress levels? Answering these
questions can provide insights for further understanding of liquefaction and advance soil

constitutive models for liquefaction.



6.1 Introduction of FLAC algorithm and PM4Sand

6.1.1 FLAC algorithm

The FLAC computer program (Fast Lagrangian Analysis of Continua) uses explicit,
finite difference (FD) approach (ITASCA 2016) to perform static and dynamic, non-linear,
numerical analyses of continuous media and it has been extensively used for analysis of a
variety of geotechnical problems. Most importantly, the code is relatively flexible and
adaptable in that it allows a user to define problem specific constitutive relationships.
Detailed descriptions of the code and its capabilities are described in detail elsewhere
(ITASCA 2016); therefore, only the details of the code implementation specific to the
current modeling effort are addressed herein.

(2) Interface elements in FLAC

FLAC provides interfaces that are characterized by Coulomb sliding and/or tensile
separation. Interfaces have the properties of friction, cohesion, dilation, normal and shear
stiffness, and tensile strength. Although there is no restriction on the number of interfaces
or the complexity of their intersections, it is generally not reasonable to model more than

a few simple interfaces with FLAC (ITASCA 2016).
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Figure 6-1 Schematic of the FLAC interface element (Itasca 2016)

A schematic of an interface in FLAC is represented in Figure 6-1. An interface is
represented by normal and shear stiffness between two planes which may contact one
another. In the figure, S represents the slider; T is the tensile strength; kn is the normal
stiffness; ks is the shear stiffness; Lnis the length associated with gridpoint N; Lmis the
length associated with gridpoint M; and the dashed line ‘-----' denotes limits for joint
segments (placed halfway between adjacent gridpoints). FLAC uses a contact logic, which
is similar in nature to that employed in the distinct element method, for either side of the
interface (e.g., Cundall and Hart 1992). The code keeps a list of the grid points (i,j) that lie
on each side of any particular surface. Each point is taken in turn and checked for contact
with its closest neighboring point on the opposite side of the interface. Referring to Figure
6-1, grid point N is checked for contact on the segment between grid points M and P. If
contact is detected, the normal vector, n, to the contact grid point, N, is computed. A
“length,” L, is also defined for the contact at N along the interface. This length is equal to
half the distance to the nearest grid point to the left of N plus half the distance to the nearest

grid point to the right, irrespective of whether the neighboring grid point is on the same
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side of the interface or on the opposite side of N. In this way, the entire interface is divided
into contiguous segments, each controlled by a grid point.

(2) Dimensions of the finite difference zones

Proper dimensioning of the finite difference zones is required to avoid numerical
distortion of propagating ground motions, in addition to accurate computation of model
response. The FLAC manual (Itasca 2016) recommends that the length of the element Al
be smaller than one-tenth to one-eighth of the wavelength A associated with the highest
frequency fmax component of the input motion.

(3) Damping

Natural dynamic systems contain some degree of damping of the vibration energy
within the system; otherwise, the system would oscillate indefinitely when subjected to
driving forces. Damping is due, in part, to energy loss as a result of internal friction in the
intact material and slippage along interfaces, if these are present. For a dynamic analysis,
the damping in the numerical simulation should reproduce in magnitude and form the
energy losses in the natural system when subjected to a dynamic loading. In soil and rock,
natural damping is mainly hysteretic (i.e., independent of frequency — see Gemant and
Jackson 1937, and Wegel and Walther 1935). It is difficult to reproduce this type of
damping numerically, because (a) there are no laws that describe the complete material
response; and (b) existing laws that capture many important aspects have many material
parameters, requiring extensive calibration (ITSCA 2016).

In FLAC 8.0 dynamic analysis, there are four types of damping model provided:
Rayleigh damping, hysteretic damping, local damping and artificial viscosity. In time-
domain programs, Rayleigh damping is commonly used to provide damping that is

111



approximately frequency-independent over a restricted range of frequencies. The hysteretic
damping allows strain-dependent modulus and damping functions to be incorporated
directly into the FLAC simulation. This makes it possible to make direct comparisons
between calculations made with the equivalent-linear method and a fully nonlinear method,
without making any compromises in the choice of constitutive model. Local damping in
dynamic problems is useful as an approximate way to include hysteretic damping.
However, it becomes increasingly unrealistic as the complexity of the waveforms

increases. Artificial viscosity can be used for analyses involving sharp dynamic fronts.

6.1.2 PMA4Sand constitutive model

The plasticity model for sand (PM4Sand) follows the basic framework of the stress-
ratio controlled, critical state compatible, bounding surface plasticity model for sand
presented by Dafalias and Manzari (2004). Modifications to the model were developed and
implemented by Boulanger (2010, version 1), Boulanger and Ziotopoulou (2012, version
2), Boulanger and Ziotopoulou (2015, version 3) and Boulanger and Ziotopoulou (2017,
version 3.1). The improvements were made to better approximate the stress-strain
responses important to geotechnical earthquake engineering applications (Boulanger and
Ziotopoulou 2017). The PM4Sand has a narrow stress-ratio based elastic cone and three
other key surfaces: the bounding, dilation and critical-state surfaces. The locations of the
dilation and bounding surfaces are dependent on the relative state of the soil (the difference
between the relative density and the relative density at critical state for the current confining

pressure), such that they both rotate when the relative state of the soil changes. As the soil
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is sheared towards critical state, both surfaces approach each other until they coincide at
the critical state stress ratio (Kamai 2011, Boulanger and Ziotopoulou 2017). The model
was coded as a user defined material (UDM) in a dynamic link library (DLL) for use with
the commercial program FLAC 8.0 (ltasca 2016).

The PM4Sand model has 22 input parameters. Out of these, three parameters are
considered primary and are required as inputs. They are the sand’s apparent relative density
Dr, the shear modulus coefficient Go and the contraction rate parameter hpo (Boulanger and
Ziotopoulou 2017).

Dr is the primary variable controlling dilatancy and stress-strain response
characteristics. It can be commonly estimated based on CPT or SPT penetration

resistances. The following relationships by Idriss and Boulanger (2008) are often used:

N
D, = (é‘)ieo (6-1)

where (N1)eo is the normalized SPT blow counts, and Cq = 46.
D, = 0.465("%)%26% — 1,063 (6-2)
dq
Where qcin is the normalized cone penetration resistance, and Cdq =0.9.

Go is the shear modulus coefficient and the primary variable controlling the small

strain shear modulus Gmax as:
Gmax = GoPa (pi)l/z (6-3)
A
where p,4 is the atmospheric pressure (101.3 kPa), p is the mean effective stress.

A value for Go can be estimated on the modified correlation based on the shear wave

velocity as:
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Vs1)? , 1+K,
Go = P(p 1) /( +2 )0.5 (6-4)
A

Where p is the dry density of the material and Ko is the coefficient of lateral earth
pressure at rest.

Contraction rate parameter (hpo) is used to modify the contractiveness and is able
to calibrate the model to specific values of the target cyclic resistance ratio (CRR) or cyclic
strength. The CRR is commonly estimated based on CPT or SPT penetration resistances
and liquefaction correlations. The calibration of hpo should be performed last because its
value can depend on the values assigned to other parameters (Boulanger and Ziotopoulou
2017).

The other 19 parameters include 2 flags and 17 secondary input parameters. All the
default values of these secondary input parameters have been selected to generally produce
reasonable agreement with the trends in typical design, empirical and semi-empirical,

relationships (Boulanger and Ziotopoulou 2017).

6.2 Numerical modeling of shake table test

6.2.1 Model construction and boundary conditions

Figure 6-2 shows the model construction and boundary conditions in FLAC. Each
layer of the laminar shear box was modeled by two blocks of elastic elements. The sand
was modeled by advanced constitutive model PM4Sand Version 3.1. The gravel was
modeled using elastic elements. The geomembrane bag was simulated by two thin layers

of elastic elements. The parameters for PM4Sand were summarized in Table 6-1. The

114



parameters were all calibrated based on a series of direct simple shear tests (that is
presented in section 6.2.2) and resonant column tests. The parameters for elastic elements
were summarized in Table 6-2. As suggested by FLAC manual (Itasca 2016), the elastic
properties of the laminar shear box elements were reduced to speed up the calculation. No
obvious deformation of the LSB blocks was observed. The shear modulus of the
geomembrane bag was only a quarter of that of the sand, so that the bag was flexible enough
compared with the sand.

The boundary of left block of the LSB was rigidly attached to that of right block of
LSB at the same level to simulate a rigid LSB frame during shaking. The sliding of LSB
frames relative to the frames immediately above and below was achieved by using interface
settings between adjacent blocks. The interface between LSB frames has a small friction
angel and a large tensile strength in normal direction. Based on the measurement of the
fiction coefficient between the LSB frames, a 5° friction angle was used for the interface
setting. The tensile strength in normal direction was set to be 5x 10 kPa/m to make sure
that no separation was allowed between the slider and rail. For the interfaces between the
geomembrane bag and the box, a 2/3 of the sand friction angle was used. There was no
tensile strength so that the separation between the box and the bag was allowed. Knand Ks
values were picked based on FLAC suggestions and the simulation results are not sensitive
to those two values, based on parametric study. The detailed setting of interface parameters

is summarized in Table 6-2.
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(Ottawa sand)

Elastic zones (Gravel)

x velocity applied on the bottom

Figure 6-2 FLAC meshing with boundary conditions

Table 6-1 Soil properties for PM4Sand elements

Parameter Ottawa sand Source of measurements
Dr (%) 55 Controlled by pluviation
€min 0.48 Measured by Kramer (2013)
€max 0.78 Measured by Kramer (2013)
Vs (m/sec) 160 Resonant column test
hpo 0.15 DSS calibration
Go 619.0 Based on Vs

Table 6-2 Properties for elastic elements
Parameter For gravel For laminar shear box | For geomembrane bag
Density (kg/m?) 2000 1600 940
Shear modulus (Pa) | 2 x108 2 x 10° 1x 10’
Bulk modulus (Pa) 3.3 x108 4.3 x 10° 2 x 107
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Table 6-3 Interface parameters and their values

Interfaces between

Parameters . Interfaces between bag and box
laminae

Kn (kPa/m) 1% 10° 1x10°

Ks (kPa/m) 1% 10° 1x10°

Friction angle (°) 5 20

Tensile strength (kPa/m) | 5x 107 0

6.2.2 Model calibration

Cyclic DSS tests

A series of cyclic DSS were performed on the Ottawa Sand. The sand was shipped
to the University of California, Davis and the DSS tests on the sand were performed by Dr.
Ziotopoulo’s research team. The cyclic DSS tests were run under a deformation-controlled
mode using stress-controlled criteria for reversal of loading directions. The specimens were
consolidated to vertical confining stress (o'vo) of 100 kPa prior to shear. The tests were
performed at different cyclic stress ratios (CSRs).

The cyclic loading responses of the sand (¢'vo= 100 kPa, CSR =0.12) are shown in
Figure 6-3. Figure 6-3(a) shows the shear stress (z) vs. shear strain (y) relationship, z vs.
normalized vertical effective stress (o'v/o'vo), o'vlic'vo VS. 7, v vS. number of loading cycles
(N), and pore pressure ration (ru) vs. N. The peak shear strain y exceeds 1% after 13 loading
cycles and exceeds 3% after 14 loading cycles. The peak ryexceeds 0.95 after 13 loading
cycles and reaches 1.0 after 14 loading cycles. From the shear stress vs. strain loop, in the

first 12 cycles, the shear strain accumulation rate is very low and seems constant. Starting
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from the 13th cycle, the shear strain accumulation rate increases rapidly with every cycle
of loading because the specimen had lost a significant amount of vertical effective stress.
The value of ¢'v/a'vo reduces to about 0.75 during the first loading cycle, to about 0.3 in the
8 following loading cycles, and to about 0.21 in the 12th cycle. The values of ¢'v/g'vo then
show transient increases and decreases with each loading cycle, forming loops in the stress

path plot.
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Figure 6-3 Cyclic loading responses of sand of Dr = 55% (¢'vo= 100 kPa, CSR =0.12)
sheared up to shear strain peak = 10% (DSS test)

The cyclic stress ratio (CSR) vs. number of loading cycles (N) to reach several
failure criteria was evaluated for sand specimen with Drof about 55% consolidated to 100
kPa. The CSR vs. number of loading cycles to reach 3% peak shear strain (N, = 3%) is
shown in Figure 6-4 for consolidation effective stresses of 100 kPa. A total of six CSRs
were selected in the tests: 0.08, 0.1, 0.12, 0.13, 0.14 and 0.15. As the CSR increases, it takes
less number of loading cycles for the sand to reach 3% peak shear strain. A power
relationship can be established between CSR and N as:

CSR = 0.244N 0271 (6-5)
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Figure 6-4 CSR vs. Ny=3% curves from DSS tests

Single element test in FLAC using PM4Sand

A series of undrained single element test simulations were performed in FLAC to
simulate the cyclic DSS tests. As the average relative density of the sand in the shake table
test is 55%, Dr of PM4Sand remains 0.55 in the simulation. The resonant column test
suggests a normalized shear wave velocity of 160 m/s, which was directly used as an input
parameter. The elastic shear modulus at one atmosphere, Gmax, iS derived from the
normalized shear wave velocity, Vsi1, such that:

Gmax = p(Vs1)? (6-6)
where p is the dry density of the material. The shear modulus constant (Go) can

then be found using equation (6-3).
The parameter hpois obtained in an iterative process, by matching single-element,

undrained, cyclic DSS simulations to the target liquefaction triggering curve shown in
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Figure 6-4. The model is calibrated to the cyclic stress ratio required to reach 3% shear
strain in 14 cycles and then inherently captures the response under a range of other stress
ratios. Undrained DSS simulation results of the calibrated model, for a range of cyclic
stress ratios are presented in Figure 6-5. All the activated PM4Sand parameters in
calibration are summarized in Table 6-4. Figure 6-5 suggests a satisfactory calibration of

PM4Sand for the triggering curve.

Table 6-4 Activated PM4Sand parameters in calibration

Parameters Dr Vs (m/s) hpo
Values 55 % 160 0.15
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Figure 6-5 Triggering calibration for PM4Sand
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In order to compare the detailed behavior of the PM4Sand with the DSS test, one
CSR is selected and the cyclic loading responses of the sand (at o'vo= 100 kPa, CSR =0.12)
are shown in Figure 6-6. Similar to the DSS results at this CSR, shear stress (z) vs. shear
strain (y), = vs. normalized vertical effective stress (¢'v/a'vo), o'vlo'vo VS. v, v VS. number of
loading cycles (N) and pore pressure ration (ru) vs. N are shown in the figure. The peak
shear strain y exceeds 1% at 11th loading cycles and exceeds 3% at 14th loading cycles.
The peak ruexceeds 0.95 at 11th loading cycles and reaches 1.0 at 12th loading cycles.
From the stress and strain loop, in the first 10 cycles, the shear strain accumulation rate is
very low and seems constant. Starting from the 11th cycle, the shear strain accumulation
rate increases rapidly with every cycle of loading because the specimen had lost a
significant amount of vertical effective stress. The value of ¢'v/o'vo reduces to about 0.9
during the first loading cycle, to about 0.31 in the 10 following loading cycles, and to about
0.2 in the 12th cycle. The values of ¢'v/o'vo then show transient increases and decreases with
each loading cycle, forming loops in the stress path plot. A comparison between Figure 6-
3 and Figure 6-6 suggests that the element-level behavior of PM4Sand is close to the sand

response in DSS test.
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Figure 6-6 Cyclic loading responses of sand at Dr = 55% (o'vo= 100 kPa, CSR =0.12)
sheared up to shear strain peak = 10% (PM4Sand)

6.3 Comparison of simulation and shake table test results

Comparison of simulation results with observations and measurements from the
shake table test are presented in the following section. Numerical results are reported for

the same locations of the instruments in the shake table model.

6.3.1 Excess pore pressure generation during shaking

Figure 6-7 presents the pore pressure ratio comparison of the shake table test (the
1st shaking) with simulations. For PZ-5 (depth = 1.2 m), the computed response is under-
predicted for the first 8 seconds. The peak ru reaches 1.0 at t = 10 s. After that, the rufrom
simulation has large fluctuations towards the end of shaking. For PZ-4 (depth = 0.95 m),

the simulation results have a good match with the shake table test results in the first 8
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seconds. The peak ry reaches 1.0 at t = 10 s. For PZ-3 (depth = 0.70 m), the computed
response is slightly over-predicted for the first 8 seconds. The peak ru reaches 1.0 att=9
s. For PZ-2 (depth = 0.45 m), the computed response is over-predicted for the first 8
seconds. The peak ru reaches 1.0 at t = 9 s. For PZ-1 (depth = 0.20 m), the computed
response is under-predicted compared with the shake table tests. The piezometer reading
from shake table test at this depth might be affected by sensor settlement during shaking.
In general, the simulation results over-predict the liquefaction occurrence for most
of the sand deposit. The PM4Sand model results suggest that liquefaction happens from 9s

to 10s. The model is conservative in liquefaction occurrence prediction.
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(a) Pore pressure ratio at PZ-5 (D = 1.2 m)
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Figure 6-7 Pore pressure ratio time histories at five different depths: comparison of the
shake table test (1st shaking) with simulations

6.3.2 Pore pressure contour at different time

Figure 6-8 shows the contour plots of pore pressures during shaking at selected time

(t=0.015s,5.08 s, 10.00 s, 15.55 s, 20.19 s and 25.32 s). Figure 6-8 (a) shows the pore
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pressure contour at the beginning of the shaking with no excess pore pressure generation.
The pore pressure increases as shaking starts. Att =10 s, relative displacement of the LSB
is observed. The reason is the sand deposit has liquefied based on the ru readings from
6.3.1. The sand has lost most of its strength. More obvious deformation of the LSB can
also observed at t = 15.55 s and 20.19 s. After the shaking stops (t = 25.32 s), the LSB

resumes to its original shape. This observation is consistent with the shake table test.
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(c) Pore pressure contour att = 10.00 s
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(f) Pore pressure contour att = 25.32 s
Figure 6-8 Contour plots of pore pressures during shaking at different time (units: Pa)

6.3.3 Shear strain

Figure 6-9 presents the shear strain comparison of the shake table test (1st shaking)
with simulations. The simulation results from both depths (D = 0.7 m and 1.2 m) show a
similar variation pattern with time. The accumulation rate of the shear strain is small in the
first 8 seconds. After that, accumulation rate of shear strain increases rapidly with cycle of
loading. This observation is consistent with the cyclic DSS and PM4Sand single element
simulations. The maximum peak to peak shear strain values for D = 0.7 m and 1.2 m are
22.9% and 16.6%, respectively.

In the shake table test, the sudden change of accumulation rate of shear strain near
liquefaction point was not observed. For both depths shown in Figure 6-9, the shear strains

increased rapidly as the shaking started and kept relatively constant amplitudes after 4
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seconds. The maximum peak to peak shear strain values after 4 seconds for D = 0.7 m and
1.2 m are 15% and 8%, respectively. The simulation results tend to over-predict the shear

strains after liquefaction.
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(b) shear strainat D =1.20 m
Figure 6-9 Shear strain time histories at two different depths: comparison of the shake
table test (1st shaking) with simulations
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6.3.4 Surface settlement

Figure 6-10 presents the surface settlement comparison of the shake table test (1st
shaking) with simulations. The simulation results show little surface settlement in the first
12 seconds. Starting from 13 s, the settlement rate increases, and the final surface
settlement is 1.96 cm. In the shake table test, the surface did not settle in the first two
seconds. After that, the settlement rate increased, and a final settlement of 4.25 cm was
observed. A larger fluctuation was observed in the shake table test compared with the
simulation. This might be due to the plastic plate which was placed between the top LVDT
rod and sand surface in the shake table test. The rocking of the plate during shaking may
result in significant fluctuation in LVDT measurement. In general, the simulation results

tend to under-predict the final surface settlement.

——— Shake table test
— Simulation

Displacement (cm)

Time (s)

Figure 6-10 Surface settlement time histories: comparison of the shake table test (1st
shaking) with simulations
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6.4 Conclusion and summary

Numerical simulations of a shake table test, in which sand liquefaction was
observed, are presented using PM4Sand constitutive model. A series of cyclic DSS tests
are presented to provide the laboratory data for model calibration. The PM4Sand model is
calibrated using the liquefaction triggering curve. The simulation results are compared with
the observations and measurements from the shake table test, including pore pressures,
lateral deformation profiles, shear strains, and surface settlement. The following
conclusions are based on the data, analysis and interpretation presented in this chapter.

1. The PMA4Sand in single element simulation can well capture the sand
performance in cyclic DSS test using the calibrated parameters. The process of PM4Sand
calibration is simple. Only one parameter (hpo) needs to be calibrated using iterative process.
The relatively simple calibration makes PM4Sand an appropriate and effective tool for
liquefaction evaluations.

2. The simulation results over-predict the liquefaction occurrence for most of the
sand deposit. The simulation results suggest that liquefaction happens around 10 to 15
seconds earlier than the case in shake table test. The PM4Sand model seems to be
conservative in liquefaction occurrence prediction.

3. The simulations results tend to under-predict the shear strains of the sand deposit
before liquefaction and over-predict the shear strains after liquefaction. The computed
surface settlement is 46% of the measurement settlement in the shake table test.

A limitation of the numerical modeling must be pointed out. The performance of

geomembrane bag used in the shake table test cannot be fully simulated by the elastic
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models. In the simulation, the bag is set to be as a thin and flexible layer. The geomembrane
bag in the test, however, could exhibit some degree of rigidity when subjected to large

deformation. The bag might inhibit the deformation of the sand deposit during shaking.
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Chapter 7 Summary and Conclusions

7.1 Summary

This dissertation presents a series of shake table tests conducted on a uniform sand
deposit. The sand deposit was subjected to a liquefying shaking event (1 shaking) in the
laminar shear box. The test recordings from piezometers, accelerometers and LVDTs were
presented and discussed. Three subsequent major shaking events were designed and
performed on the same sand deposit after the first shaking. The shake table test results from
different shaking events were compared to investigate the seismic response of the sand
deposit under multiple shaking events. The time-dependent liquefaction resistance of a
post-liquefaction sand deposit was studied using piezo-cone penetration testing (CPTu)
after 1% shaking event. A series of CPTu tests were conducted to measure the cone
penetration resistance, friction resistance, and pore water pressure throughout the depth of
the post-liquefaction sand deposit. To capture the sand aging effect after liquefaction,
CPTu tests were done at different locations over a total elapsed time of 135 days. To
evaluate the predictive capabilities of the PM4Sand model, a numerical simulation of the
shake table test was developed. The model was first calibrated using cyclic direct simple
shear tests. The calibrated model was then used to simulate the seismic performance of the
uniform soil deposit under sinusoidal seismic motions. Further insight into the strengths

and limitations of the PM4Sand model gained from this research was presented.



7.2 Conclusions

The following conclusions are based on the data, analysis and interpretation
presented in this dissertation.

(1) The shake table has a satisfactory performance for all the employed shaking
input motions.

(2) In the 1% shaking event, the pore pressure readings indicate the occurrence of
liquefaction for the whole sand deposit. The sand near the top liquefies first and the sand
near the bottom liquefies last. The sand in between liquefies between 20.5 s to 23 s.

(3) A correlation can be found between pore pressure ratio and cyclic shear strain
in the 1% shaking event. The sand that liquefies first shows the largest shear strain
amplitude. The sand that liquefies last has the smallest shear strain amplitude.

(4) Liquefaction can reduce the cone penetration resistance of a sand deposit
significantly immediately after the liquefaction event. For a sand deposit from 0.2 mto 1.0
m depth, the cone penetration resistance can reduce by 50% on average due to liquefaction.

(5) After liquefaction, the cone penetration resistance of a sand deposit increases
with aging time. In an aging span of 4.5 months after liquefaction, an average of 113% gain
in cone penetration resistance was observed. An equation relating the cone penetration
resistance, effective stress and time is proposed and compared with results from the
literature. The equation may under-predict strength gain at long time.

(6) After the liquefaction, the normalized cone penetration resistance increases with
time. In 4.5 months, a 101% gain of normalized cone penetration resistance is observed.

The normalized cone penetration resistance has a linear relationship with the logarithm of
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time. The cyclic resistance ratio for earthquake with magnitude of 7.5 increases with time
after liquefaction. A 17.6% increase in CRRy7s is observed in the testing time span. The
CRR7shas a linear relationship with the logarithm of time.

(7) Along with the shaking, the sand deposit became denser and denser. The
calculated the relative density of the sand deposit were 70.8%, 82.3%, 89.5% and 94.1%
after the 1%, 2", 39 and 4™ shaking event, respectively.

(8) A comparison between 1% and 2" shaking suggests that the liquefaction
resistance of the sand increased a lot. This is confirmed by the CPTu results presented in
Chapter 4. The liquefaction resistance increase is because of the densification of 1% shaking
and the aging effect in 153 days.

(9) The PM4Sand in single element simulation can well capture the sand
performance in cyclic DSS test using the calibrated parameters. The process of PM4Sand
calibration is simple. Only one parameter (hpo) needs to be calibrated using iterative process.
The relatively simple calibration makes PM4Sand an appropriate and effective tool for
liquefaction evaluations.

(10) The simulation results over-predict the liquefaction occurrence for most of the
sand deposit. The simulation results suggest that liquefaction happens around 10 to 15
seconds earlier than the case in shake table test. The PM4Sand model seems to be

conservative in liquefaction occurrence prediction.
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7.3 Limitations of this research

The limitation of the experimental part of this research is only the sand at relatively
shallow depths were investigated. The effective stress levels of the sand are relatively low
as is typical in shake table test. Further examination of the proposed equations is needed
for different soil types and effective stress levels.

The limitation of the numerical modeling is that the performance of geomembrane
bag used in the shake table test cannot be fully simulated by the elastic models. In the
simulation, the bag is set to be a thin and flexible layer. The geomembrane bag in the test,
however, could exhibit some degree of rigidity when subjected to large deformation. The
bag might inhibit the deformation of the sand deposit during shaking.

Tap water was used to saturate the sand deposit. Bacteria may grow in in the total
test period of 217 days from saturation to the completion of the 4™ shaking event. The
growth of bacteria may introduce air bubbles in the soil causing delayed reading of the
piezometers. Biocide (a chemical intended to prevent bacteria growth) may be used in

future shaking table testing of prolonged durations.

7.4 Recommendations for future work

The following are recommended for future study:

(1) The current study can extend to different soil types. Factors such as initial
relative density and fine content can be investigated.

(2) A series of centrifuge tests can be conducted to investigate the sand aging effect

under relatively high effect stress levels.
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(3) The numerical model can include more advanced constitutive models for
liquefaction, such as UBCSAND model and PDMY02 model. Using the cyclic DSS test
and available shake table tests results, the predictive capability of different models can be

compared.
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Appendix A

Design drawings of shake table
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Appendix B

Design drawings of laminar shear box
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Appendix C

Design drawings of pluviation system
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Leg: Duplicate 6, including: H
1) Six 24 in. W beam leg (Provided by PSU)

2) Six top plates without holes(Provided by Bob)

3) Six bottom plates with holes(Provided by Bob)
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Appendix D

Design drawings of CPT frame

Hydraulic piston
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